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Magmatism at the Southern End of the East African Rift System:  
Origin and Role During Early Stage Rifting 
 
Gary T. Mesko 
 
 The composition of volcanic products can provide critical information about the source and the 
conditions of melting. This information is used to highlight differences in melting environments from 
volcanic regions around the globe. Volcanic lavas and other products from the Rungwe Volcanic 
Province, in southwest Tanzania (9.13°S, 33.67°E), were collected and studied to test a number of 
lingering questions about the role of magmatism in a continental rift tectonic environment. The Rungwe 
Volcanic Province is the only region in this portion of the East African Rift (EAR) system with apparent 
magmatism. Is magmatism here the product of rifting, like melts generated in oceanic rift tectonic 
environments (Mid-ocean ridge basalts, MORB), or is melting here facilitated by the upwelling 
asthenospheric mantle, like melts generated at hotspots or plumes (oceanic intraplate basalts, OIB)? To 
address this, contributions from the continental lithosphere must also be identified and addressed. Each 
chapter of this dissertation approaches this fundamental question using different aspects of the 
comprehensive chemical and isotopic dataset from this study.  
 
The second chapter outlines a novel thermobarometer that is then applied to Rungwe samples to 
estimate the temperatures and depths at which the melts equilibrated. Laboratory melt experiments of 
garnet peridotite, some containing CO2, create melt with major element characteristics applicable for 
pressure and temperature estimation of Rungwe samples. The parameterization of Al2O3 and MgO from 
 
 
the experimental melt compositions provides a thermobarometer with a temperature range of 1100-
1500°C (±16°C, 1s), and a pressure range of 2-5 GPa (±0.2 GPa, 1s). The maximum potential 
temperature reached for Rungwe samples is 1372°C. Potential temperatures at Rungwe overlap with the 
ambient asthenospheric mantle, as sampled by the global range of MORB. Potential temperature range 
for Rungwe is too high for melts to have a derivation from the continental lithosphere, and too low for 
melts to be derived from the thermally-driven plume. The pressures of melt equilibration for Rungwe span 
a range from GPa, when converted to depths is 55-101 km. Depth estimates can be compared to the 
estimated depths of the lithosphere-asthenosphere boundary (LAB) from seismic tomography models. 
Rungwe melts appear to be derived from the depths at or below the LAB, supporting their derivation from 
an asthenospheric source. Under the same parameters, other volcanic regions from the Western Branch 
of the EAR give similar results, while maximum potential temperatures from the Eastern Branch exceed 
estimates from the ambient asthenospheric mantle, providing more support for a thermally-derived mantle 
plume there. 
 
The third chapter provides a timeline of volcanism at Rungwe including ages from Ar-Ar geochronology 
performed on samples from this study, as well as dates of two precursor carbonatite bodies in the vicinity 
of the volcanic province. Most of the Rungwe Volcanic Province was emplaced between present-9Ma, 
with emerging evidence for eruptions between 9Ma and ~25Ma. A proposed broadening of the age range 
of each volcanic stage definition helps to include eruptions prior to 9Ma, and encompass eruptions shown 
to have occurred between the original volcanic stage age ranges. Two carbonatite bodies in the 
northwest edge of the volcanic province date to 169.0 ± 0.6 Ma and 154.4 ± 0.9 Ma, and show no 
evidence of Cenozoic reactivation. The emplacement ages of the majority of Rungwe samples coincide 
with accelerated rifting and basin formation present-9Ma. The updated timeline of Rungwe volcanism 
suggests that eruptions prior to 9Ma are still tied to tectonic extension, based on comparison to 
thermochronology cooling ages from the major border faults.  
 
The fourth chapter characterizes and provides context about the chemical and isotopic composition of the 
mantle source of Rungwe melting. Isotopic Sr-Nd-Pb-Hf, as well as major and trace elemental 
 
 
compositions provide a fingerprint for Rungwe melts in which to compare to the range of global OIB and 
to other EAR melts. The majority of Rungwe melts possess isotopic traits that are consistent with an 
asthenospheric plume-derived source. Many isotopic and trace element ratio characteristics identified are 
not shared with any identified OIB-source volcanic region, but are present in other EAR volcanoes. These 
indicators suggest that some Rungwe melts, together with some EAR volcanoes, share a common source 
characteristic or melt process that the global OIB does not sample or experience. Homogeneity of plume 
source or continental lithosphere over the large geographic distances between volcanic provinces in the 
EAR are not expected. No OIB emplaced on oceanic crust must traverse Archaean or Proterozoic 
subcontinental lithosphere or crust. The influence of melt interaction with these elements are explored in 
detail as the main cause of differences between OIB and Rungwe compositions. Metasomatic phases 
accumulated by melt interaction at the LAB interface over eons create compositions that can influence 
low-volume melts that traverse them. It appears that no Rungwe melt evaded this overprint from the 
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Chapter 1: Introduction 
1.1. Text 
Plate tectonic theory outlines the phenomena of crustal creation, destruction, and preservation through 
the motion of plates over the surface of Earth. Magma plays a central role in the generation of new crust. 
Where two tectonic plates extend, magmas are generated by decompression melting and facilitated to the 
surface through thinned and weakened focal zones in the crust. These zones of extension form a 
continuous chain of volcanic ridges responsible for the generation of oceanic crust that covers the 
majority of the Earth’s surface. Extension along these mid-ocean ridges is the eventual result of newly 
created tectonic boundaries that rift through once continuous continental crust. The Atlantic and Indian 
Oceans were created in the recent geological past by rifting continental tectonic plates. Yet, too little of 
these continental boundaries are preserved to reconstruct how these rifts initiated in the continental crust 
and eventually transitioned into oceanic crust production, in detail. When compared to the magmatism 
along mid-ocean ridges, the continents vary widely in composition and thickness of the crust and 
subcontinental lithosphere and it is no coincidence that these factors contribute to greater compositional 
variation in continental magmatism (Figure 1.1). Variations of the continental crust and lithosphere make 
it possible to predict if and where rifts could initiate and propagate into mid-ocean ridges in the future.  
 
The East African Rift (EAR) is a fault system undergoing continental extension by means of seismic 
activity and active volcanism (Figure 1.2). The spatial extent of the rift follows preexisting areas of 
weakness in the crust, as predicted. Yet, the age, thermal profile, and thickness of these zones should 
not succumb to rifting given the low rates of extension present and the low volumes of magma detected in 
many parts of the EAR (Buck, 1991). Particularly, the Western Branch of the EAR displays dramatic 
topographic contrasts as a consequence of pronounced displacement along developed border faults, 
apparently without the injections of magma deemed necessary to reduce yield stress for these strong 
crustal areas (Figure 1.3) (Buck, 2015). The limited magmatic provinces are not along rift segments, as 




Extension is accommodated largely without magmatism, which brings into question the role magmatism 
along this portion of the rift.  
 
The Rungwe Volcanic Province is the most isolated area of volcanism along the rift (Figure 1.2). It is the 
southernmost active volcanic region on the African continent, within the EAR it is >600km south of 
volcanoes of the Eastern Branch, and >800km south of volcanoes within its own system of the Western 
Branch. Two of the largest lakes in Africa, themselves occupying amagmatic rift basins, bracket Rungwe 
Volcanic Province to the north (Lakes Tanganyika and Rukwa) and to the south (Lake Malawi). This 
focused area of magmatism, located in a transfer zone between two border faults 100km in length, 
provides a useful means of testing the roles of magmatism in early stages of continental rifting. The 
geochemical and isotopic characteristics specific to volcanic products of Rungwe form an essential 
dataset to approach this question (Shillington et al., 2016). Rungwe volcanic province consists of three 
main active stratovolcanoes, and numerous minor edifices within the uplifted rift framework the extents of 
which have been mapped in detail (Figure 1.4) (Harkin, 1960). Thermal properties of primary melts within 
the province are estimated to test if a thermal plume contributes to melting here. Depth of melt 
equilibration is also estimated for several melts and compared to seismic tomography that model the 
subsurface structure of the mantle. A subset of volcanic samples is dated by means of 40Ar/39Ar 
geochronology to test the relationship in time between volcanism and tectonic indicators of rifting. 
Samples from Rungwe are characterized forming a unique isotopic and trace element fingerprint. This 
melt characterization provides context about the mantle source, and provides a means for comparison to 
other volcanic provinces in the EAR and global ocean islands.  
 
The temperature and pressure conditions under which Rungwe melts originate can be estimated to a 
precision useful for geological and geodynamic interpretation. The temperatures of melt equilibration can 
be reliably reconstructed for mafic melts because the distribution coefficient (KD) between a liquid of mafic 
composition and olivine crystallized from that liquid possesses the unique characteristic of remaining 




observation about mafic melt is at the root of melt thermometers today, that have only undergone minor 
incremental improvements. Differences in the potential temperature, or the temperature of melt if 
transported adiabatically to the surface, of ~200°C have been identified for volcanoes from different 
tectonic environments globally (Herzberg, 2011; C.-T. A. Lee et al., 2009; Putirka et al., 2007). 
Temperature estimates that better address the compositional factors specific to Rungwe and other alkali-
basalts present in global continental rifts are made here to determine the potential temperatures for 
Rungwe more accurately. Means of applying pressure estimates to the whole rock compositions of 
Rungwe melts are done in tandem with the temperature estimates (Plank and Forsyth, 2016). Pressures 
of melt can provide an independent estimate of melt depth in which to compare to interpretations of 
lithospheric depth and the presence of melt from seismic tomography and magnetotellurics in the region. 
The depths test the level of involvement of the subcontinental lithosphere in the generation of Rungwe 
melts.  
 
The timing of early eruptive events can be used to reconstruct the timeline of magmatism within the 
regional tectonic context. A number of radiometric systems can be utilized to precisely estimate the age of 
crystallization, representative of eruptive age in volcanic materials. 40Ar/39Ar geochronology is employed 
on a comprehensive set of samples to construct a volcano-tectonic history of this volcanic province with 
high resolution. This method is most appropriate over the range of whole rock compositions, materials, 
and age range targeted for this study (Deino et al., 1998; S. P. Kelley, 2002). The 40Ar/39Ar system was 
chosen over other methods of geochronology because of these versatilities. While U-Pb geochronology is 
capable of more precise age estimates, appropriate crystal phases to apply this method are likely present 
in only a small subset of Rungwe samples that would limit the datable sample set, likely to the more felsic 
compositions. Radiocarbon dating of volcanic deposits in stratigraphic sections is an appropriate method 
of chronology that has been employed to reconstruct the extent of the most recent explosive eruptions. 
Radiocarbon is limited to an age range of ~5x the half-life of 14C, or about 40K years in limited cases, 
which is outside the range of most older eruptive deposits at Rungwe. Also, radiocarbon is limited to the 




directly. 40Ar/39Ar geochronology can be employed on a number of phases (feldspars and micas), as well 
as microcrystalline or glassy matrix of mafic lavas. The age range where 40Ar/39Ar can be effective spans 
from the age of the earth to <1Ma with precision <1%. Under ideal conditions, the 40Ar/39Ar system can 
accurately estimate the historical eruption of Mt. Vesuvius <2000 years before present (Renne, 1997). 
Overlap and comparison with existing radiocarbon ages is potentially achievable for some of the youngest 
eruptions of Rungwe.  
 
Variation in radiogenic isotopes of the global mantle (primarily Sr-Nd-Pb-Hf isotopic ratios) is identified 
through inspection of melts from a variety of volcanic regions around the globe. Heterogeneities in the 
isotopic identity of the mantle can arise through a number of scenarios involving the dynamics of the 
convecting asthenosphere, time, and introduction of foreign materials from the tectonic plates (Hofmann, 
2014; Hofmann et al., 1986). The endmember constituents of this continuum, represented by different 
intraplate ocean islands, are the standard bearers for these unique mantle provinces (Stracke et al., 
2005; Zindler and Hart, 1986). Principal component analysis visualizes the data cloud in an n dimensional 
space, where n is the number of isotopic systems input for each group (Sr-Nd-Pb-Hf isotopes) (Figure 
1.6). The contrasts of the relatively low-volume intraplate volcanic systems are made with respect to the 
relatively subdued isotopic variation that exists in global MORB (Hofmann, 2014; Workman and Hart, 
2005). Discussion around continental intraplate volcanoes presumed to originate from a plume source, 
EAR included, primarily focus on determining the degree and composition of asthenospheric and 
lithospheric source contributors 
 (Farmer, 2014). Asthenospheric, or plume, contributions to continental intraplate volcanoes should be 
indistinguishable from other plume sources that occur in ocean islands. Isotopic or compositional traits 
outside the range of global OIB can be imposed upon the melt by contributions of the subcontinental 
lithospheric mantle or continental crust.  
 
Incompatible trace element concentrations in Rungwe lavas serve to help identify traits specific to the 




and charge, which make them incompatible with the crystal phases that populate the mantle source 
(White, 2009). Highly incompatible elements leave the mantle and are enriched in the liquid during partial 
melting events. Element partitioning is dependent upon four main factors: the mass proportion of each 
mantle mineral phase, the fraction of partial melting, the relative contribution of each phase or reaction 
coefficient, and the mineral-melt partition coefficient. The partition coefficient for an element is specific to 
any crystal phase and also varies with temperature, pressure, oxygen fugacity, and the composition of the 
mineral and melt. None of these factors are constant throughout the melting process. In simple melting 
scenarios, trace element modeling can recreate the composition of the source to a reasonable degree of 
uncertainty. Reverse modeling predicts the composition of the source based on the measured melt 
compositions, and large errors can arise when assumptions are inaccurate (Wood and Blundy, 2014). 
Certain trace element ratios are reliable indicators of specific influences to the melt. The effects of minor 
metasomatic phases or continental crust can be tested quantitatively through simple mixing relationships 
of two endmembers (Langmuir et al., 1978a). The precise determination of a large number of trace 
element in the Rungwe sample suite provides the ability better understand many components, factors, 





































Figure 1. Cartoon depiction of continental intraplate volcanism. The major variables within the 
crust, subcontinental lithosphere, and asthenosphere that play a role in the compositional 






Figure 2. Regional map of the East African Rift. Major active faults, volcanic regions, and current 
topography are depicted for the whole region. Darker colors depict higher topography. Volcanic 






Figure 3. Schematic diagrams of magmatic vs amagmatic extension of continental lithosphere. 
The yield stress and tectonic extensional forces required to succeed in rifting two lithospheric 
blocks are greatly reduced when magma is introduced at the focal point of extension. Figure 










Figure 4. Summary map of Rungwe Volcanics. Map constructed from a combination of aerial 






Figure 5. Molar MgO vs FeO depicting the olivine saturation plane for a range of olivine 







Figure 6. Three-dimensional depiction of the heterogeneous mantle from the isotopic variability of 
global MORB and OIB. The three isotopic ratios depicted on axes x, y, z, are 206Pb/204Pb, 
143Nd/144Nd, and 87Sr/86Sr, respectively. Full analysis of the principle components in this data array 
incorporate n=6 dimensions. Beyond the three dimensions depicted here, isotopic variation in 
207Pb/204Pb, 208Pb/204Pb, and 176Hf/177Hf also contribute to the variation in each of the vector 
components, identified as HIMU, EM, and DM, while the focal point in the cloud of data is FOZO (or 





Chapter 2: Thermobarometry of Silica-undersaturated Rocks on the Example of 
Rungwe Volcanic Province, Tanzania, East African Rift 
 
2.1. Introduction  
The thermal conditions of mantle melting are fundamental to our understanding of mantle and crustal 
evolution (Ringwood, 1965), leading to early experimentation of these conditions on mantle peridotite 
melting (Roeder and Emslie, 1970). Temperature estimates of mantle melting are largely based on the 
Mg+Fe partitioning between melt and olivine, the most common mineral phase in the upper mantle 
(Hanson and Langmuir, 1978). Recent advances have been made based on the increasing body of 
experimental petrology, leading to more accurate temperature and pressure estimates over a larger range 
of melt and source compositions (Herzberg and Asimow, 2015; 2008; Herzberg et al., 2007; Kimura and 
Ariskin, 2014; C.-T. A. Lee et al., 2009; Putirka et al., 2007). These models have highlighted the 
temperature differences between the major melting environments of the mid-ocean ridge system, 
intraplate ocean islands, and large igneous provinces.  
 
Thermobarometry on continental basalts has not been widely explored due to susceptibility of melt 
modification by the continental lithosphere. Continental lithosphere is more chemically diverse than 
oceanic lithosphere, and is therefore more likely to modify primary melts in ways that models cannot 
predict or correct for. As a result, continental areas host a wider variety of melt compositions, some of 
which have been attributed to lithospheric, rather than an asthenospheric mantle source. Basalts from the 
continental East African Rift (EAR) are one such example where understanding of depths and 
temperatures of melting would benefit overall accuracy of the geological interpretations being made. 
Rungwe volcanic province, the southernmost active volcanic province in the East African Rift and the 
continent of Africa, has been attributed to both lithospheric and asthenospheric plume mantle sources 
based on separate lines of geochemical and isotopic evidence. Analysis of the major and trace element 




Nelson et al., 2012). Noble gas isotopes confirm that melt contributions that form Rungwe are 
predominately from the asthenosphere, with a component that may be linked to a deep-seeded mantle 
plume common to all volcanic regions in the EAR (Castillo et al., 2014; Halldórsson et al., 2014; Hilton et 
al., 2011). Thermobarometry can be a useful tool to discern lithospheric melts from plume melts, and can 
therefore contribute to understanding the origin of continental basalts.  
 
Inverse models for the pressure and temperature of melt formation rely on assumptions about the 
chemical composition of both the mantle source and the melt in equilibrium with its source. One major 
limitation is accurately recreating the primary melt composition with certainty (i.e. the melt in equilibrium 
with its mantle source), from the composition of a volcanic rock (Herzberg and O'Hara, 2002). The 
process of primary melt composition calculations seeks to reverse the chemical effects of fractionation, 
accumulation, assimilation and alteration. The chemical composition of the mantle source is another 
assumption that generally has to be made without direct evidence. Mantle fertility, reflected by a source’s 
whole rock olivine content, plays a large role in the ability of a source to produce melt, and therefore 
influences pressure and temperature estimates greatly (C.-T. A. Lee et al., 2009). The oxidation state of 
the mantle also affects conditions of melting, with arc melting environments more oxidized than melts 
from the mid-ocean ridge basalts (MORB) (Brounce et al., 2014; K. A. Kelley and Cottrell, 2012; 2009). 
Melts from continental rift environments appear to be more oxidized than melts from mid-ocean ridges, 
based on initial explorative work in Afar melts (de Moor et al., 2013b). Variability of the oxidation state 
through time has been identified in arcs melting environments on the tectonic scale (Brounce et al., 
2015), and even throughout a single eruptive event (Schipper and Moussallam, 2017). The estimated 
oxygen fugacity in evolved pumice deposits from Rungwe have already been modeled (log(fO2): +0.42-
0.45 NNO) (Fontijn et al., 2013). The oxygen fugacity of mafic, near primary melts from Rungwe have not 
yet been estimated or measured, yet are an important component of accurate thermobarometry. 
 
Effective melt thermobarometers are calibrated with the composition of melt products from petrological 




However, existing thermobarometers are not well calibrated for alkali-rich, silica-poor melts because 
experimental studies that produce melts of these compositions have been limited (Dasgupta et al., 
2013a). A carbonated asthenosphere may lead to partial melting at greater depths and increased melt 
mobility for silica-undersaturated melt products (Keller and Katz, 2016). The presence of volatiles 
depresses the temperature required to generate melt, the so-called cryoscopic effect (Hirschmann, 2010; 
2000; Hirschmann et al., 2009). Since the primary volatiles (H2O+CO2) that affect the melting conditions 
are only rarely measured directly in rock samples, temperature and pressure estimates are often obtained 
only for dry melting conditions. Recent melting experiments of carbonated peridotite provide essential 
constraints to estimate the melting conditions for silica-poor melts (Dasgupta et al., 2013a; 2007a).  
 
The primary aluminum-bearing phases in mantle peridotite (namely plagioclase, spinel, and garnet) are 
stable under specific pressure ranges, and the chemistry of partial melts varies greatly depending on the 
mineralogy of the source peridotite (D. H. Green, 2015a). Pressure estimates, and thus the depth of 
melting, are based on the partitioning of major (Al, Na, Ti) or incompatible rare earth elements (REEs) into 
the melt as a function of the presence of these pressure-dependent aluminum phases in the mantle, and 
have been modeled from melt chemistry using a number of techniques that exploit these depth 
dependent relationships (Putirka, 2008).  
 
Temperature estimates from existing thermobarometers have been applied to Rungwe and to the 
magmas of the EAR region before (Rooney et al., 2011), however heavy data filtering rejects the great 
majority of sample compositions for most of the EAR. Barometers based on REE confer an 
asthenospheric origin for melting in the Afar region of the EAR, when applied to primitive melt 
compositions there (Ferguson et al., 2013). This approach has not been applied widely to melts in 
continental settings. A thermobarometer more broadly applicable to melts in the compositional range of 
the majority of EAR promises more highly resolved geological interpretations of this complex region. 
Here, a thermobarometer is calibrated based on carbonated peridotite melt experiments that is applicable 




Volatile contents and oxidation state of the mantle source are constrained from magma compositions 
while source fertility may be further constrained from olivine phenocryst compositions. This 
thermobarometer is ideally suited for application to melting environments where a lithospheric lid restricts 
silicate melting to higher pressures like continental rifts, and older oceanic crust.  
 
2.2.  Samples and Methods 
2.2.1.  Geological Background 
The EAR has been the natural laboratory to test plate tectonic and geodynamic models since the 
disciplines originated (Moores et al., 2013; Wilson, 1963a). The displacement pattern along normal faults 
and subsequent basin development (Chorowicz, 2005; Daly et al., 1989; Macgregor, 2015), maintain a 
relatively narrow rift structure indicative of a thick and cold tectonic plate (Buck, 2015; 1991). The 
topography, seismicity, and plate motion models link the surface expressions of rifting to anomalies 
detected in the upper and lower asthenospheric mantle (Nyblade and S. W. Robinson, 1994; Pasyanos 
and Nyblade, 2007). The magmatic regions are diverse in composition, surface expression, magnitude, 
and timing.  
 
Initial flood basalts originated in two centers first in the Turkana Basin, then later in the Afar region. 
Radiometric ages of the earliest basaltic outpourings in the Afar region date to ~36 Ma (F. H. Brown and 
McDougall, 2011; McDougall and F. H. Brown, 2009). Contemporaneous ages of ~31 Ma from volcanic 
units on the conjugate margins of Yemen and the Afar region of Ethiopia link volcanic deposits of these 
now separated margins (Ukstins et al., 2002). The massive volcanic deposits centered in the Afar region 
of Ethiopia form the basis of classical plume models and link them to the rifting phase of plate tectonics 
(B. H. Baker et al., 1972; Morgan, 1971). Geochronology shows that the Eastern and Western Branches 
of the EAR (Figure 1), initiated at the same time (Roberts et al., 2012). Magmatism in the Kivu region 






Further south along the EAR the Eastern and Western Branches encompass the Tanzanian Craton, 
where magmatism emerged later and prevalence of magmatism strongly favors the Eastern Branch over 
the Western. EAR magmatism can be divided into a northern single rift through the Ethiopian Plateau, 
and southern dual rifts around the Kenya Dome, primarily comprised of the Archaean Tanzania Craton. 
The emergence of volcanism from around the Kenya Dome is later than Turkana and Afar, with coeval 
initiation of magmatism and rifting in the Eastern and Western Branches at ~25 Ma (Roberts et al., 2012). 
Long lived volcanic activity at Rungwe is supported by further evidence of magmatic events from 19-9Ma, 
prior to accelerated basin formation and (Chapter 2) (Rasskazov et al., 2003). There is also evidence of 
limited magmatism at 21 Ma in the Lake Kivu region (prior to development of Virunga and South Kivu 
volcanic provinces) (Pouclet et al., 2016). In the north, a greater proportion of melts from the Main 
Ethiopia Rift, Afar Region, and Turkana are tholeiitic of a higher melt fraction and can be estimated 
accurately by existing thermobarometry models (Rooney, 2017a). There are identified chemical and 
isotopic differences between provinces surrounding the Tanzania Craton which necessitate diverse melt 
sources and processes of melting (Foley et al., 2012; Furman, 2007a). A far greater proportion of the 
melts from these volcanic regions produce alkali-rich mafic melts that are poorly constrained by current 
thermobarometers. 
 
Thermobarometry of the diverse melt compositions in the Western Branch should help to resolve the 
prevalence of lithospheric and asthenospheric sources that may contribute to melts here. Rungwe is the 
only volcanic province around the Tanzanian Craton known to contain melts with distinct mantle plume 
3He/4He isotope characteristics (Hilton et al., 2011). Virunga melts are known to incorporate high amounts 
of potassium, which is thought to be the product of melting metasomatic phases in the lithosphere 
(Chakrabarti et al., 2009; Marcelot et al., 1989). The volcanic region to the south and west of Lake Kivu 
are lower volume than those of the active Virunga province today (Furman and Graham, 1999). K-rich 
and Si-poor kamafugite lavas from Quaternary Toro-Ankole province, Uganda are attributed to low melt 
fractions of a lithospheric source strongly metasomatized and carbonated (Rosenthal et al., 2009). 




Eby et al., 2009; 2003; Lloyd et al., 2002). Thermobarometry can test if provinces with isotopic sources 
from the lithosphere and asthenosphere are produced under different depths and temperatures.  
 
2.2.2.  Methods 
Sample acquisition, processing, and chemical analysis of Rungwe Volcanic Province in southern 
Tanzania (Figure 1) was performed as part of the SEGMeNT project (Shillington et al., 2016). Sample 
collection targeted mafic samples from a broader geographic and temporal range than previous projects 
had, resulting in a more comprehensive dataset that encompasses the variability of compositions Rungwe 
magmatic system produced. A subset of these samples that are considered to have a composition that 
has undergone a minimal amount of modification by crystal fractionation serve as the dataset for 
temperature and pressure estimates discussed further here. Original data is supplemented by sample 
compositions from published works both from Rungwe and from the other melting regions along the 
Western Rift, grouped by region as South Kivu, Virunga, and Toro-Ankole. A filtered subset of samples 
was sourced from the GeoROC compiled database of EAR compositions (http://georoc.mpch-
mainz.gwdg.de/georoc/). Sample list, along with thermobarometry calculations for original and published 
data, are reported in the electronic supplementary calculation tool (Excel File: 
Ch2_Table_PTpaper_02_tool.xlsx).  
 
Whole rock samples were powdered, dissolved in nitric acid solution, and analyzed by Inductively 
Coupled Plasma Optical Emission Spectroscopy (ICP-OES) at the Lamont-Doherty Earth Observatory for 
major element, and by quadrupole Inductively Coupled Plasma Mass Spectrometry (ICP-MS) for trace 
element concentrations following standard procedures of digestion, dilution, and calibration Olivine 
phenocrysts from a subset of samples were analyzed by laser ablation ICP-MS for major and trace 
element concentrations following procedures by Ruprecht and Plank (Ruprecht and Plank, 2013). See 
Appendix for a more detailed method description. 
 




2.3.1. Major Elements 
Bivariate plots of major element concentrations vs MgO highlight the variation of the mafic endmember 
samples (Figure 2). The majority of mafic samples are near-primitive with a mean of 8.7 wt% MgO. 
Samples identified as mafic from field observation range from below 4 wt% MgO with a large scatter of 
variation in most other major element oxides, to a maximum 19 wt% MgO in a few samples observed to 
contain high amounts of olivine in hand sample. Samples with 12.5< MgO wt% >20 have been 
designated as cumulates in plots, as all samples from this range underwent olivine subtraction to arrive at 
a primary melt composition. Two additional samples with high MgO underwent olivine subtraction (R075, 
R029), but were translated to a lower MgO primary melt composition (see discussion below). 
 
The majority of samples used for primary melt calculation had undergone some level of crystal 
fractionation, that was added back to arrive at the calculated primary melt composition (Figure 2). Major 
element concentrations vs MgO contain wide ranges of scatter for the mafic continuum of samples. Only 
Al2O3 varies inversely with MgO (Figure 2), cumulate samples contain some of the lowest Al2O3 
concentrations measured, but not enough to fall off the trend. Concentrations of Al2O3 and MgO are used 
to model the melt pressure and temperature, respectively. The CaO concentration decreases for samples 
with low MgO to the point where felsic samples contain <3wt% of each. Alkali oxides Na2O and K2O are 
elevated only in the lowest MgO concentrations for mafic samples, For the mafic suite of samples, TiO2 
and P2O5 do not vary with MgO, although there is a significant (5 fold) degree of variation in the 
concentration of P2O5 (Figure 2). The TiO2 concentrations found in Rungwe are low relative to groups of 
the flood basalts found in the Main Ethiopian Rift that can reach 6 wt% (Rooney, 2017a). Olivine cumulate 
samples also contain anomalously low TiO2 when compared to the rest of the mafic suite.  
 
Rock nomenclature for each sample is guided by the major element chemistry and principles accepted by 
the IUGS for naming igneous rocks (Le Bas, 1989; Le Bas et al., 1986; Le Bas and Streckeisen, 1991; Le 
Maitre et al., 2004). Rungwe samples plotted on a total alkali-silica diagram with dividing lines show that 




(Figure 3a). Samples in the basanite field can be further clarified as a basanite, nephelinites, or 
melanephelinite using calculated normative mineralogy and names are reflected in the data table (Table 
2). Normative mineralogy values for each composition were calculated using an excel macro created for 
that purpose (Pruseth, 2014). Few samples possess intermediate SiO2 concentrations, creating a “Daly 
Gap” between the mafic and felsic samples on the TAS plot (Ferla and Meli, 2006), and references 
therein. Samples identified as felsic in the field do not exceed 0.8 wt% MgO, and are included in plots 
mainly to indicate the trend of chemical differentiation for Rungwe magmas. Felsic whole rock samples 
(two from this study and a large cache from the published dataset) are mainly classified as Trachyte and 
Phonolite because of their high alkali concentrations. The lack of Trachy-Andesite, Basaltic Tachy-
Andesite, Phono-tephrite and tephra-phonolite is observable on the TAS plot (Figure 3). Samples 
included in this study with SiO2>52wt% are termed felsic and are plotted with the same symbol despite 
their specific IUGS categorization. 
 
2.3.2.  Trace Elements  
Concentrations of 41 trace elements were analyzed in select Rungwe samples. Concentrations of Ba, Cr, 
Sr, Y, and Zr were run on both ICP-OES and ICP-MS to detect any bias in the calibration of the two 
methods. The ICP-MS value was used for each of these trace elements measured by both methods. 
Concentrations are listed in Table 4. Discussion of the trace element characteristics are limited to those 
relevant to the application of the thermobarometer (Sc, V, Cr, Ni, Y, Ce) (Table 2). Geological 
interpretation using the full set of trace elements are reserved for another manuscript (Chapter 3).  
 
2.3.3. Olivine Compositions 
Some of the twelve olivine populations analyzed contained xenocrysts. Xenocrysts were identified by their 
anomalous CaO, V, and Sc concentrations and were generally more forsteritic (higher Mg#) than 
phenocrysts in the same sample. Non-xenocrystic olivine populations contain Ni concentrations (and Cr, 
not pictured), which decrease precipitously for olivines with lower forsterite. The most forsteritic olivine in 




exceed Fo=91 (Figure 4d). The olivine population of R111 contained no olivines with a Fo#>81, 
significantly lower than the most forsteritic olivine in all other sample populations measured (Figure 4). 
 
The composition of the core and rim of some olivine crystals were measured in each sample. Very few 
were found to have significant compositional differences. Where the Fo# varied appreciably in single 
crystals, the rim yielded a composition with a lower Fo# than the core (Figure 5). Some samples 
contained xenocrystic olivines with higher overall Fo# than olivines crystallized from the host melt 
(samples R031, R035, R104) (Figure 5a). A select few olivines analyzed from these samples exhibited 
cores with xenocrystic characteristics and rims with phenocrystic characteristics (Olivines R031_13_5i, 
R035_7_6i) (Figure 5a).  
 
2.4. Thermobarometry – Derivation of an Algorithm 
Thermobarometry can serve as a useful tool in the understanding of EAR melt origin, and thermal 
conditions of the underlying melt source throughout the region. Previous temperature estimates have 
been applied broadly to the EAR region and conclude that mantle temperatures are elevated with respect 
to temperatures at the mid-ocean ridges (Rooney et al., 2011). Elevated temperatures provide a link 
between melt geochemistry, and the underlying asthenospheric anomaly detected using seismic 
tomography (Hansen et al., 2012; Koptev et al., 2015; Weeraratne et al., 2003). REE concentration based 
barometry has been successfully applied to EAR melts to show the contrast between the depth of melting 
from the edge to the center of the Afar rift (Ferguson et al., 2013). No barometric analysis has been 
widely applied to a variety of melt compositions over the EAR region to map the depth of melting.  
 
2.4.1. Melt Composition Thermobarometry  
The experimental melt compositions of volatile-free and carbonated peridotite (Dasgupta et al., 2013a; 
2007a; Walter, 2014) form the basis for the parameterization for temperature and pressure in the 
presence of CO2. These experiments were performed on garnet peridotite compositions, at temperatures 




starting compositions resulting in CO2 up to 25% in the partial melts. This temperature parameterization is 
based on MgO in CO2-bearing and volatile-free experimental melts. The estimated CO2-free temperature 
form well-resolved isobaric trends for each of the experimental pressures (2-5 GPa) (Figure 5a). CO2-free 
temperature is the experimental temperature corrected for the freezing point depression caused by 
variable CO2 contents of the experimental partial melts calculated from equations derived in Dasgupta et 
al. (2013). There are minor differences (e.g., ~2 wt.% MgO) in the starting compositions of the 
experiments between the Dasgupta studies and Walter (Dasgupta et al., 2013a; 2007a; Walter, 2014). 
However, residual Mg-rich phases (olivine and orthopyroxene) control the MgO in the experimental partial 
melts, and the slightly different starting compositions do not translate into significant differences of MgO in 
volatile-free experimental melts from the same pressure (Figure 5a). The polynomial function below was 
fit to this experimental data and minimized the standard error in the 3 GPa data, which contains the 
largest amount of points and spans the largest range in temperature and MgO composition. MgO does 
not seem to be affected significantly by variable CO2 contents as isobars appear to be the same 
independent of their CO2 contents. That MgO appears independent of CO2 content (up to 25 wt% in 
experimental melts), despite expectations that it would be diluted.  
 
Parameterization fit to experimental data of temperature Tcalc (°C) using MgO in wt% and P in GPa 




∗ 	100MgO + 5P3 + 343P + 8102	  (1) 
Equation (1) estimates temperatures of melting based on the MgO contents of primary melts (calculated 
with CO2 in the sum), and the pressure of melting.  
 
The pressure parameterization relies on the experimental melt Al2O3 contents normalized on a volatile 
free basis (Figure 7a), which is strongly pressure-dependent. At 2 GPa, experimental melts have about 
14 wt.% Al2O3 whereas at 5 GPa they only have about 6 wt.% Al2O3. The calibration only considers melt 
compositions where garnet±cpx are present in the residue, and excludes experiments where these 




compositions of the experiments between the Dasgupta and Walter studies (Dasgupta et al., 2013a; 
2007a; Walter, 2014). To formulate this correction, consider the batch melting equation CL=Co/[F*(1-
D)+D] with CL reflecting the concentration of Al2O3 in the melt and C0 the concentration in the starting 
composition (on a volatile-free basis). For two melts from slightly different starting compositions C01 
(Dasgupta studies PERC - 3.61 and PERC3 - 3.67 wt.% Al2O3) and C02 (Walter KR4003 - 4.31 wt.% 
Al2O3) at same melting conditions, thus same F, D, we can write [F*(1-D)+D] =C02/ CL2 and substitute in 
the equation for CL1 and get CL1= CL2*C01/ C02. We normalize all experimental melt Al2O3 to PERC 
(3.61wt.%) and get normalization factors of C01/ C02 = 3.61(PERC)/3.67(PERC3) = 0.98, a very minor 
correction, and C01/ C02 = 3.61(PERC)/4.31(Walter-KR4003) = 0.84. Therefore, multiplying Al2O3 (Walter 
melt) with the latter factor gives comparable partial melt Al2O3 from the two studies. Corrected 
experimental melts are plotted (Figure 7a), and the function below was chosen to minimize the standard 
error for the 3 GPa data.  
 
Parameterization fit to experimental data to predict pressure Pcalc (GPa) using Al2O3 in wt% and T in °C 
(Figure 7b): 
P"#$" = 	8.9 − 0.254 ∗ 28.5 ∗ Al3O' − 𝑇 + 1748	 (2) 
 
Based on this parameterization, pressures of melting are estimated with the Al2O3 contents of primary 
melts, that are normalized on a CO2-free basis, and the temperature of melting. 
Solutions for temperature and pressure are achieved simultaneously through iteration. The uncertainty of 
this parameterization properly estimates the experimental data with 1σ uncertainties of 16°C for 
temperature (Figure 6b) and 0.2 GPa for pressure, or ~6 km depth uncertainty (Figure 7b).  
 
Temperatures derived by this approach need to be corrected for the cryoscopic effect (freezing point 
depression) of both H2O and CO2 which are pressure dependent (Section 2.4.2). For comparison to 
geophysical results, estimated pressures are converted to depths using a conversion equation (Plank and 





2.4.2. The Cryoscopic Effect of CO2 and H2O 
H2O and CO2 result in a depression of the temperature of melting, the cryoscopic effect or freezing point 
depression (Dasgupta et al., 2013a; Tenner et al., 2012). The mantle still houses a large fraction of 
Earth’s water (Bodnar et al., 2013; Luth, 2014), but the hydrated mantle is not evenly distributed with the 
melting region of arcs heavily fluxed by water from subducting slabs, while the MORB system is relatively 
dry (Plank et al., 2013; Saal et al., 2002). Ocean island basalt (OIB)-type melts related to mantle plumes 
are highly variable from nearly anhydrous to ~900ppm H2O reported (Dixon et al., 2008; Hirschmann, 
2010; Peslier and Bizimis, 2015). Lithospheric mantle can hold large amounts of water in accessory 
hydrous phases, but the stability of these minerals does not extend to the higher temperatures of the sub-
lithospheric mantle or depths >100km (D. H. Green, 2015b). Recent studies on the nominally anhydrous 
minerals that makeup the mantle outline a carrying capacity of ~200ppm H2O above the mantle transition 
zone and greater carrying capacity at greater depths (Hirschmann et al., 2009; Mookherjee et al., 2008; 
Pearson and Wittig, 2014; Smyth et al., 2006; Ye et al., 2012; 2009). Water has been shown to behave 
like the incompatible element cerium (Ce), and has been estimated from the Ce concentration for melts 
where direct measurements have not been made using H2O/Ce = 168 ± 95 (Saal et al., 2002). For 
pressures in the garnet-stability field, a H2O/Ce ratio of 150 is appropriate (Hauri et al., 2006), and 





Carbon in the mantle dominates the overall budget of carbon on Earth (Dasgupta and Hirschmann, 2010) 
and is stable either as native graphite/diamond or in carbonate phases depending on the redox state of 
the host mantle (Hayes and Waldbauer, 2006; Hazen et al., 2013). Upper mantle carbon concentrations 
range from 50-100 ppm in the MORB melting region to 400-800ppm in enriched OIB-type melting regions 
(Dasgupta and Hirschmann, 2010; Rosenthal et al., 2015). High concentrations of CO2 have been 
measured in olivine phenocrysts from EAR basalts of the Western Rift with trace element signatures 





The carbon concentration in melts is not often measured directly because it escapes during magma 
ascent and eruption. The CO2 content of the primary melt can be estimated in a number of ways. Carbon 
has been demonstrated to behave like an incompatible element (with partition coefficient 0.00055 ± 
0.00025) and can be estimated from the concentration of similarly incompatible elements (Nb, U, Th, Ba) 
(Rosenthal et al., 2015). Melt concentrations of CO2 and SiO2 also have been shown to correlate linearly, 
which can be used to predict CO2 (Dasgupta et al., 2007a). The correlation between SiO2 and CO2 





The cryoscopic effect for volatile species H2O and CO2 result in a depression of the temperature of 
melting (Dasgupta et al., 2013a; Tenner et al., 2012). Effects for both volatile species are pressure 
dependent. Mantle carbon depresses the temperature of initial melting like water, but carbon also 
changes the final composition of melts in ways that water does not (Dasgupta et al., 2013a; Tenner et al., 
2009). The thermal and compositional effects of melting carbonated mantle are well characterized by 
experimental data in the depth ranges applicable to intra-plate melting at 2-5GPa (Dasgupta et al., 
2013a). Dasgupta et al. (2007, 2013) present a general equation to calculate ΔTCO2 (equation 5) for 
melts formed at 2-5 GPa with constants a, b and c reported for 2, 3, 4 and 5 GPa (Dasgupta et al. 2013, 
and in supplementary calculation spreadsheet).  
ΔTVW3 = a ∗ 	CO3 + b ∗ LN
GHHQ \∗	CMN
GHH
	  (5) 
The hydrous solidus of peridotite has been experimentally constrained sufficiently to model a great range 
of melting depths (1-7GPa) and partial melt water concentrations up to 20 wt% (Katz et al., 2003; Tenner 
et al., 2012; 2009). A compilation of experiments on the conditions of hydrated peridotite melting in 
Tenner et al. (2012) were used to obtain the calibration for the cryoscopic effect of water ΔTH2O. The 
equations used for ΔTH2O were parameterized (equation 6) from the compiled data on the temperature 
effects of melting hydrated peridotite in a range of pressures (Tenner et al., 2012). Following Tenner et al. 
(2012) the equations estimate the ΔTH2O of melts with <15wt% H2O that are statistically indistinguishable 




Grove, 2007). We obtain the general equation to calculate ΔTH2O as a function of pressure (Table 1), 
where H2O is in wt% (after Tenner et al., 2012): 
ΔT]3W ≈ H3O ∗ 	 	a ∗ (H3O)3 − b ∗ H3O + 𝑐	  (6) 
Coefficients for calculation of the ΔTH2O above can be found in Table 7. 
 
For pressures between the experimentally determined values of ΔTH2O and ΔTCO2 were interpolated.  
E.g. for ΔTH2O for 3.5GPa<p<5GPa,  
ΔTH2O = ((p-3.5)/(5-3.5)*( ΔTH2O(5GPa) - ΔTH2O(3.5GPa))) + ΔTH2O(3.5GPa) 
E.g. for ΔTCO2 for 4GPa<p<5GPa,  
ΔTCO2 = (p-Rounddown(p,0))*(ΔTCO2(5GPa) - ΔTCO2(4GPa)) + ΔTCO2(4GPa) 
 
CO2 also has a significant effect on the temperature of melting, demonstrated for 3GPa experiments in 
Dasgupta et al. (Geology 2007). The ΔTCO2 is approximately linear from CO2 contents from 0 – 25wt%. 
 
With both H2O and CO2 resulting in a freezing point depression, here we follow the approach of Dasgupta 
et al. (2007) to combine individual ΔT for H2O and CO2 by addition to achieve a net volatile ΔT (equation 
7).  
𝛥𝑇cde = 	ΔT]3W +	ΔTVW3 (7) 
The ΔTnet is subtracted from the calculated melting temperature. The cryoscopic effects of CO2 and H2O, 
ΔTnet, at the calculated pressure of melting (Pcalc), are subtracted from the calculated temperature of 
melting Tcalc to obtain a final melting temperature. Application of this thermobarometer parameterization 
requires first constraining whether the volcanic rocks of interest are formed as partial melt of peridotite 
because it is not valid for source lithology other than peridotite. Secondly, the primary melt compositions 
need to be established. This is explained in the sections below on the example of Rungwe Volcanic 
Province. 
 




supplement (Excel File: Ch2_Table_PTpaper_02_tool.xlsx). The spreadsheet requires major element, 
select trace element concentrations, and primary melt composition as sample inputs and produces 
estimates of temperature, pressure, depth, potential temperature, and ΔT. An additional tab within the 
electronic supplement provides an fO2 estimation for samples in which both whole rock and olivine 
compositions can be used as inputs. 
 
2.4.3. Considerations on Input Parameters  
2.4.3.1. Mantle Source Lithology 
The parameterization presented above is based on experiments on peridotites, both volatile-free and 
carbonated (Walter 1998, Dasgupta et al. 2007, 2013). Therefore, first it needs to be established whether 
Rungwe magmas formed from a peridotitic mantle source. Olivine phenocryst composition is used to 
discriminate pyroxenitic from peridotitic mantle sources. Partial melts from a peridotite source will have 
higher concentrations of Mg, Ca, and Mn, but lower concentrations of Ni (Foley et al., 2013; Sobolev et 
al., 2007). All but one population of olivines analyzed contain highly forsteritic olivines with a majority of 
samples containing olivines with Fo# > 89. Highly forsteritic olivine phenocryst populations in the melt 
indicate that the melt source contained higher amounts of MgO than is possible from pyroxenite with 
comparatively greater amounts of FeO. These phenocrysts formed from melt while it was in equilibrium 
with the source mantle. The concentration of Ni in the sample suite analyzed does not exceed 3200 ppm, 
and CaO ranges from 0.10-0.46 wt%. Both of these are indicative of a peridotite source for Rungwe 
magmas (Sobolev et al., 2005; Weiss et al., 2016) (Figure 4a, 4b).  
 
2.4.3.2. Source Fertility, Oxygen Fugacity and Primary Magma Model  
Prior to the application of this thermobarometric parameterization, the composition of the primary magma 
accumulation needs to be modelled. Most Rungwe volcanic rocks have experienced moderate olivine 
fractionation or accumulation, some alkali basalts from Rungwe contain clinopyroxene phenocrysts as 
well as olivine, suggesting the fractionation of both phenocrysts. Primary melt calculations estimate the 




Primary melt compositions are generally modelled from sample compositions through incremental 
addition or subtraction of olivine (and clinopyroxene) until the calculated melt is in equilibrium with the 
theoretical composition of the source mantle. The source is constrained by the maximum forsterite 
content of olivines measured in the samples based on the assumption that the first olivines to crystallize 
are from a primary melt in equilibrium with the mantle source (Danyushevsky and Plechov, 2011; 
Herzberg and Asimow, 2015). All but one (R111) of the samples, where olivine compositional data was 
analyzed, contain olivines determined to be in equilibrium.  
 
Olivines in the majority of Rungwe samples approach an upper limit of Fo=89.6, which was used to 
estimate the mantle Fo in the primary melt calculations. Five samples from a pair of monogenetic cinder 
cones (Mpoli group, see discussion below) contained phenocrystic olivines with Fomax=90.6 (Figures 4 
and 5), which was the melt-source equilibrium value used to calculate their primary melt compositions. 
These samples also contained populations of olivine determined to be xenocrystic with anomalously high 
Sc, low CaO and V, and Fo>91.5 (Figure 4). Xenocrystic olivines were not considered in the 
determination of oxygen fugacity or primary melt composition.  
 
The primary melt model is also sensitive to the oxidative state of iron in the melt because it determines 
how much Fe2+ of the total iron is available for olivine (and clinopyroxene) formation. A more oxidized 
melt (higher Fe3+/Fe2+) will have a lower effective Mg#, requiring more olivine addition to back-track to the 
source olivine Mg# and accordingly lower temperature and pressure calculated for the primary melt than 
for a more reduced melt composition. We follow the approach taken by Plank and Forsyth (2016) by 
applying the oxybarometer of V partitioning between olivine and the melt (Canil 2002). Using the 
parameterization of (Mallmann and O’Neill, 2009), the oxygen fugacity is estimated from the whole rock 
Mg# and V content as well as the olivine Fo#, and Sc, V, Y contents. First, for each sample, equilibrium 
olivines are identified based on the whole rock molar fraction of MgO and FeO, assuming a Kd=0.3 and 
Fe+3/ΣFe = 0.2 (Plank and Forsyth, 2016), and corresponding sample melt Mg#, V, Sc and Y values are 




converted to Fe+3/ΣFe using the regression from experimentally verified models. For Rungwe samples 
with equilibrium olivine, we find that Fe+3/ΣFe ranges from 0.20-0.27 with an average of 0.25. This 
average value (Fe+3/ΣFe = 0.25) determined from the Rungwe samples that both contained equilibrium 
olivine, and were not part of the group of samples containing xenocrysts. These include samples R012, 
R045, R063, R075, R107, R108, R109 (and exclude R111). An average Fe+3/ΣFe = 0.23 is used for 
samples (R031, R034, R035, R0104). The average value (Fe+3/ΣFe = 0.25) is used for samples where no 
olivine had been analyzed, or no equilibrium olivine exists (R111). Sample fO2 calculation using the 
method described here is included in a supplementary excel spreadsheet for use on future samples. In 
the absence of more precise XANES analyses, transition metal partition models provide an adequate 
estimate of oxygen (K. A. Kelley and Cottrell, 2012). Estimates for fO2 are more oxidized than from 
XANES measurements made in the Afar region (de Moor et al., 2013b).  
 
2.4.3.3. Primary Melts 
The primary melt composition is calculated by reversing the chemical effects of crystal fractionation and 
accumulation that occurs in natural systems. There are a number of tools that exist to obtain these values 
from the major element concentrations of actual samples (Danyushevsky and Plechov, 2011; Herzberg 
and Asimow, 2015; C.-T. A. Lee et al., 2009). Primary melts for Rungwe were modeled using the 
Petrolog3 tool (Danyushevsky and Plechov, 2011). Most melts have experienced moderate olivine 
fractionation or accumulation. Some samples contained clinopyroxene phenocrysts as well as olivine and 
were therefore modeled to fractionate both. Sample compositions were incrementally modified by adding 
or subtracting olivine (and in cases, clinopyroxene) until in equilibrium with the theoretical composition of 
the source mantle on a purely fractional basis using the procedure outlined in Petrolog3 (Danyushevsky 
and Plechov, 2011). Assumptions important for proper primary melt estimation include the initial mantle 
composition that melts equilibrate to, and the oxygen fugacity, which dictates the portion of iron available 
for olivine formation. Values for the initial forsterite content and oxygen fugacity of the source were guided 
by information from olivine phenocrysts. In order to minimize uncertainty in the primary melt composition 




application. Discussion of samples with MgO>8.0wt% are included here and is limited to the implications 
of the thermobarometer. Further discussion of the entire Rungwe sample suite is reserved for another 
manuscript (See Chapter 4). 
 
2.5. Thermobarometry Application – Test Case EAR  
2.5.1. Thermobarometry around the Tanzania Craton  
Regions of rift-related volcanic activity around the Tanzania Craton produce silica-undersaturated melts 
applicable to our thermobarometer. Many eruptions produce near primary olivine-bearing, silica-
undersaturated lavas that are thought to originate within the calibrated pressure range (2-5 GPa) (Foley 
et al., 2012), either because of a thick continental lithospheric lid or thermal plume influence (Niu et al., 
2011a). A number of geochemical studies have been carried out and produced major and trace element 
data on whole rock samples (data source eachem.org). Assumptions about mantle Fo and fO2 values 
have been made since few olivine analyses accompany the whole rock chemical data for each specific 
region. For comparison purposes, we assume that the Fe+3/ΣFe = 0.25, the same as the average of the 
Rungwe group. This Fe+3/ΣFe value is more oxidized than the XANES measurements on the oxidation 
state of Iron made on Erta Ale in Afar (de Moor et al., 2013b). Temperature estimation with more reducing 
Fe+3/ΣFe values would result in higher values. 
 
Three volcanic regions lie to the west of the Tanzania craton; from North to South these are Toro-Ankole, 
Virunga, South Kivu (Fig. 1a). These volcanic groups exist at the terminations of long rift segments and 
are chemically and isotopically diverse, in part due to influence of the diverse crustal and lithospheric 
terranes they traverse to the surface (Furman, 2007b; Rogers, 2006). The potential temperatures in these 
provinces are remarkably similar, and only slightly elevated above that of Rungwe (Figures 8-13). There 
are clear differences in the depths where melting takes place, with deep melting in the Northern Toro-
Ankole (median 91 km, Figure 13) and relatively shallow melting in South Kivu (median 56 km, Figure 11). 
Potential temperatures are far hotter than the 1100 °C adiabat which marks an upper limit to the stability 




normally distributed depth histograms, and potential temperature ranges coincident with or below that of 
the ambient mantle (Figures 10-13). Toro-Ankole is the smallest of the three provinces, but melts here 
span a wider range in temperatures and depths (Figure 13). Melts with the highest volatile contents 
equilibrate at temperatures and depths that overlap the thermobarometry estimates of the cratonic 
lithosphere, based on estimates from mantle xenoliths. 
 
The widespread, voluminous volcanism in the Eastern Branch of the EAR contrasts with the near point-
source lithospheric impingements of volcanism on the Western Branch. In the Eastern Branch and Main 
Ethiopia Rifts, volcanism occurs at centers within and beyond the rift architecture (Chorowicz, 2005; 
Ferguson et al., 2013). No plot comparable to Figures 10-13 (supplement) was constructed for the 
Eastern Branch samples. A wide range of potential temperatures and depths exist throughout the region, 
limiting the comparison to any single seismic velocity profile to the few samples specific to that local 
volcano. Therefore, many of these plot comparisons could be constructed for the Eastern Branch data 
compiled here, and each would contain very few pressure and temperature estimates. Eastern Branch. 
Most notably, potential temperatures that exceed ambient mantle estimates exist in multiple volcanic 
systems with a Tpmax = 1466°C. Depths of some volcanic centers near the edge of the Tanzania Craton 
exceed 130 km, while those within the central rift originate from <80 km (Figures 9, 14).  
 
The lithospheric structure of the Tanzanian Craton and perimeter is constrained using both physical 
properties (heat flow and seismic wave velocities) and geochemical properties (mantle xenolith and melt 
from continental basalts). The lithosphere can be defined by a threshold seismic velocity, or a low heat 
flux, or by thermobarometry on xenoliths or melt. The presence of melt in the mantle does help define the 
extent of the lithosphere across these disciplines because, by definition, mantle that is melting is no 
longer lithosphere (Plank and Forsyth, 2016). Hydrated mineral phases of lithospheric mantle melt at 
1100°C for a large range of depths (~40-110km) (D. H. Green et al., 2010)(Figure 8). An 1100°C 
petrological limit on these hydrous phases can be used for a lithospheric definition that crosses research 




2011b). Depth results from the Western Branch volcanic provinces show sharp contrasts in lithospheric 
depth along the border of the Tanzanian Craton with median depth estimates of Rungwe 72 km, Virunga 
69 km, South Kivu 56 km. Significantly deeper than other provinces, melts from Toro-Ankole are median 
91 km. Regional seismic tomography predicts lithospheric depths adjacent to these volcanic provinces of 
68km or less for South Kivu and Virunga and Rungwe, and between 80 and 98 for the region around 
Toro-Ankole, with deeper lithosphere present to 140 km just outside the rift architecture (O'Donnell et al., 
2013). The resolution of 1°x 1° longitude and latitude for these studies is at the limit of detection for the 
Western Branch volcanic provinces (Adams et al., 2012; O'Donnell et al., 2013), since the full spatial 
extent of each of these provinces are less than 1°x 1° on the surface. Tanzania Craton xenoliths bear 
certain metasomatic phases and are sourced from beyond the petrological limit of 1100°C (greater 
temperatures and pressures) (Pearson et al., 2014; Rudnick et al., 1994), suggesting that 1100°C is not a 
universally applicable thermal boundary for cratonic lithosphere. Heat flux monitoring from the Tanzania 
Craton estimates the lithosphere is up to 140 km thick before reaching ambient mantle temperatures 
(Carlson, 2005; Rudnick et al., 1998). These low cratonic geotherms predict it is too hot below ~110 km 
for the lithosphere to contain hydrous mineral phases without melting (Rudnick et al., 1998). Despite a 
lack of hydrous mineral phases, magnetotelluric measurements on the Tanzania Craton predict a higher 
water content than in non-cratonic lithosphere beneath orogens adjacent to the craton (Selway et al., 
2014). The apparent high volatile contents of melts along the Western Rift suggest that the source is 
more volatile from the onset than would be predicted for purely lithospheric melts.  
 
2.5.2. Implications for Melting in a Continental Rift – Rungwe Volcanic Province 
The Rungwe Volcanic Province in Southwest Tanzania is one of four geographically isolated volcanic 
provinces in transfer zones of the western branch of the East African Rift. Abutting the north shore of 
Lake Malawi (Nyasa), Rungwe is the southernmost volcanically active region in the EAR, and on the 
African continent. Limited volcanic activity initiated as early as 26 Ma contemporaneous with activity in the 
Kenyan Rift (Roberts et al., 2012), but the majority of erupted volume is linked to accelerated basin 




multiple plinian-style eruptions in the Holocene, and oral accounts of an eruption circa 1800 CE (Fontijn et 
al., 2012). Fumarole activity suggest magma chambers continue to be actively supplied (Barry et al., 
2012; de Moor et al., 2013a). Surface deformation associated with magma chambers has not been 
detected in recent survey (Gaherty et al., 2019), in contrast to volcanic provinces along the Eastern 
Branch of the EAR (Biggs et al., 2009).  
 
Rungwe, along with many EAR melting regions around the Tanzanian Craton, is interpreted to be derived 
from a carbonated and volatile-bearing source (Foley et al., 2012). Melt chemistry and the proximity of 
active volcanic centers to Mesozoic carbonatite bodies are used as evidence for carbonatite influence on 
the composition of Rungwe melts (Castillo et al., 2014; Foley et al., 2012; Furman, 2007b). The mafic 
lava suite at Rungwe is silica-undersaturated, and enriched in alkalis, and incompatible trace elements. 
The great majority of primitive lavas are nepheline-normative basanites, olivine melanephelinite, and 
trachy-basalts, while felsic counterparts are phonolite and trachyte (Figure 3a, 3c) (Fontijn et al., 2013; 
2012; Furman, 1995). Trace element ratios reveal source heterogeneity possibly caused by interaction 
with a number of lithospheric metasomatic phases (Furman, 1995) (See chapter 4).  
 
Rungwe melts appear to be derived from a mantle source more highly oxidized than MORB, which 
compares better to values that exist in arc environments and in the Basin and Range province of North 
America (Britnell et al., 2013; K. A. Kelley and Cottrell, 2012). The average Fe+3/ΣFe= 0.25 is more 
oxidized than that of glass and melt inclusions at Erta Ale (de Moor et al., 2013b), the only existing 
XANES measurements in the EAR. Rungwe also exhibits a large amount of heterogeneity in derived fO2 
over the 1500 km2 region the volcanic flows encompass. High fO2 yields lower temperatures and pressure 
estimates. Oxygen fugacity estimates of the differentiated volcanic products yielded NNO +0.25-0.45 
(Fontijn et al., 2013). The same study estimated pre-eruptive temperatures of 915-950°C for one major 
Holocene eruption of phonolitic composition. These estimates are more reduced than what we find for the 





Temperature results provide context about the origin of melts with compositions typically found in 
continental intraplate settings that are under-constrained in previous thermobarometers. The algorithm 
presented here delivers better temperature and pressure constraints to the melting regions under 
continents, both past and present, and intrinsic information about the depth of the lithosphere-
asthenosphere boundary (LAB) in various tectonic settings. Pressure and temperature estimates can also 
provide context about the potential temperature of the mantle where tomography overlaps volcanic 
activity. There have been a number of studies of the regional tomography (O'Donnell et al., 2013; 
Weeraratne et al., 2003). There is also a high resolution study of Rungwe and surrounding structure 
underway through the SEGMeNT program (Accardo et al., 2017; 2019; Grijalva et al., 2018).  Estimated 
depths from these geophysical models can both provide verification of the accuracy of this model, and 
more context into the role of melt contributions from the lithosphere and asthenosphere. These 
geophysical constraints support the depth estimates in regions where they overlap the volcanic regions, 
and to the degree of resolution possible from the geophysical models. Seismic tomography results show 
local, circular areas of low velocity beneath volcanic provinces in the Western Rift (e.g., O’Donnell et al., 
2013). In Rungwe, where a dense seismic dataset exists, this low velocity zone is confined to the volcanic 
province (Grijalva et al., 2018), and is centered at depths between ~60-90 km (Accardo et al., 2019). 
 
High trace element concentrations seen at Rungwe and other continental rifts necessitate low melt 
fractions and an incompatible element enriched source (Chapter 4). The range in pressures from melt 
onset to termination, or melt column, needs to be short to produce low fraction, trace element enriched 
silicate melts from a volatile free source (Niu et al., 2011b). The depth of this melt column must be close 
to the LAB to produce the low melt fractions observed. However, rate of melt production is suppressed in 
a volatile-enriched system (Havlin and Parmentier, 2014). High alkali, silica-undersaturated melts are 
highly enriched in trace elements, requiring low partial melt fractions. Volatile source regions suppress 
melt productivity, significantly increasing the maximum length of the melt column for low partial melt 
fraction melts. Because of this, low fraction melts could be produced at depths below the LAB, only under 





The temperature range at which global MORB originates can approximate the temperature of the ambient 
mantle, and be used as a standard to evaluate thermal anomalies. Several authors concur that the 
potential temperature range of global MORB does not exceed ~1400°C (Herzberg and Asimow, 2015; C.-
T. A. Lee et al., 2009; Putirka, 2005) (Figure 14), which forms the basis of evaluation of thermal 
anomalies here (Figure 8). Others conclude that melting at ambient mantle temperatures occurs at 
significantly lower temperatures or larger temperature ranges (Collier and Kelemen, 2010; Dalton et al., 
2014) (Figure 14). The ambient mantle potential temperature value in which to compare the results in the 
thermobarometry tool (provided in excel spreadsheet supplement) can be manually adjusted to any 
reference value so that appropriate temperature anomalies can be interpreted.  
 
The estimated temperatures of Rungwe melts are 1216-1402°C. When adiabatically corrected for the 
specific depth of each estimate, the resulting potential temperatures (Tp) range from 1199-1372°C, and 
are within the range of ambient asthenospheric mantle. Rungwe melts overlap with the potential 
temperature range of MORB most frequently cited as 1350 ± 50 °C and not of hotspot plume sources with 
temperatures ~200 °C hotter than this ambient mantle temperature range (Herzberg and Asimow, 2015; 
C.-T. A. Lee et al., 2009). Imaging of the uppermost mantle from shear velocity can be explained with 
only modestly elevated temperatures (Accardo et al., 2019). Temperatures for Rungwe do not support the 
existence of a plume whose buoyancy is supported by thermally derived density contrasts alone.  
 
Temperature estimates here can be compared directly to similar exercises done on published 
compositions in the past. The maximum potential temperature for this thermobarometer (Tpmax= 1372 °C) 
is significantly lower than estimates of potential temperature by a method better calibrated to melt of 
basaltic composition. Tp estimates for three Rungwe samples T5F:1446, T10E:1426, RUN27:1420°C, 
with 1s uncertainties < ±36 °C (Rooney et al., 2011). These results are for dry melting and do not include 
modifications from the cryoscopic effect. Potential temperatures of the same samples can only be 




RUN27:1307 °C, with 1s uncertainties ±15 °C). There are >100°C discrepancies in potential temperature 
estimates for each of these three samples. These potential temperature differences can be reconciled 
primarily by the differences resulting from the refined method Fe+3/ΣFe estimation used in this study. This 
model finds higher Fe+3/ΣFe based on the relative concentrations of Sc, V, Y that were measured in both 
whole rock and in olivine, instead of Fe2O3/TiO2 = 1 assumed in the prior model (Rooney et al., 2011). 
Other underlying assumptions between the two models do differ, including the equilibrium Fo# and 
olivine/melt FeO/MgO partition coefficient value, but differences are minor and do not translate to 
appreciable disparity in the Tp estimate. The difference in the interpretation of potential temperatures 
between these two models, is borne out of the sizable contrast in maximum potential temperature 
between Rungwe (and all western rift lavas) and magmas from the Eastern Branch of the EAR. This 
model predicts temperatures definitively elevated over ambient mantle temperatures for the source region 
of melts abutting the eastern side of the Tanzanian Craton, while potential temperatures from the Western 
Rift overlap with estimates of the ambient mantle (Figures 9, 14). The Rungwe mantle potential 
temperatures highlight the importance of volatiles in the process of melting. In Rungwe, volatiles facilitate 
the production of the great majority of melts with only a few compositions that plot above the dry melt 
solidus (Herzberg and Asimow, 2015; Hirschmann, 2000). Stated another way, the Rungwe volcanic 
province would consist of only a few lava flows, if the underlying mantle were restricted to melts created 
on a volatile-free basis.  
 
Melt compositions estimate temperatures that preclude derivation from the subcontinental lithosphere. 
The lowest potential temperatures predicted for some Rungwe melts are still within the range of ambient 
mantle, and significantly greater than temperatures predicted for the subcontinental lithosphere (Herzberg 
and Rudnick, 2012; Rudnick et al., 1994). Temperature estimates necessitate that the melts observed 
originate in the asthenosphere, which supports geochemical interpretations for a plume source vs 
continental lithosphere (Castillo et al., 2014; Halldórsson et al., 2014; Hilton et al., 2011). The caveat is 
that this plume source does not appear to be manifest as a thermal anomaly, at least on magmas of the 





2.5.3. Barometry by REE  
The concentration of REE in mafic lavas can also be an indicator of melt pressure due to the phase 
stability of garnet at certain depths in the mantle (Klemme and O’Neill, 2000). Garnet has an affinity for 
the heavy REEs like no other mantle phase, and melts that originate in the presence of residual garnet 
will therefore contain higher relative concentrations in the light REEs. A melt with equally enriched REEs 
relative to chondrite likely originated at depths and pressures shallower than where garnet is stable. 
Based on past REE analysis at Rungwe, these melts originated in the presence of residual garnet 
(Castillo et al., 2014; Furman, 1995), although assimilation of carbonatite melt would also similarly enrich 
the REE in Rungwe melts. Our depth estimates show that melt originates exclusively at depths where 
mantle garnet is stable, consistent with the resulting REE profiles in previous studies or of the prevalent 
influence of carbonatite. The barometry (and depth) values provide quantitative estimates for Rungwe 
and magmatic regions of the Western Rift. This method is the first to incorporate such a large range of 
sample compositions, making it possible to observe possible range of temperatures and pressures 
possible from within one volcanic province. They provide geochemical data with which to compare to 
geophysical models of melt depth, temperature, and the state of the LAB. 
 
Mg-Fe models have been previously applied to model the pressure of melting at Rungwe from whole rock 
major element compositions. Sample compositions were compared to a range of experimental melts, for a 
more qualitative comparison. The pressures estimates range from 9-35 kbar (0.9-3.5 GPa) with picro-
basalts estimating far greater pressures than the remaining basanites, nephelinites, and alkali-basalts 
(Furman, 1995). This estimated range does overlap with the pressure value predicted here, but fails to 
provide quantitative estimates for each individual sample. 
 
The thermobarometer constrains melt formation (or last melt equilibration) to 1.47-3.02 GPa and potential 
temperatures Tp = 1199-1372°C for 31 original and 78 database samples from Rungwe (Figure 10). 




can be compared to seismic tomography of the region. Depth estimates for the Rungwe dataset range 
from 52-101 km, when using a conversion calculation relating pressures and depths (Plank and Forsyth, 
2016). The range of potential temperatures is in agreement with ranges reported for ambient mantle as 
sampled by the global MORB. The distribution of melt depths coincide with the minimum in the mantle 
velocity profile from s-wave tomography (O'Donnell et al., 2013). The deepest of melts equilibrate in the 
asthenosphere, below the lithosphere asthenosphere boundary that is estimated to be <60km in the 
mantle beneath Rungwe (Accardo et al., 2019). Rungwe Caldera, a sample from the main stratovolcano 
of the province (R063), is located in the center of the rift and is predictably sourced from shallower depths 
(73km) while still sourced for some of the greatest temperatures recorded (1347°C). The remaining depth 
distribution is spatially variable. The hottest lavas are picrites whose edifice is on top of a major fault 
escarpment. The deepest and shallowest melt depths vary over short (<20km) geographical distance, and 
either suggest a high topography of the lithosphere-asthenosphere boundary under Rungwe, or variable 
melt sources from an upwelling asthenosphere.  
 
2.5.4. Volatile Effects on Density and Viscosity 
Low melt production rates and partial melt fractions are typically a combination that would result in melts 
stalling at the LAB before producing sufficient volume to erupt. The volatile-rich nature of Rungwe melts 
may be the very reason eruptions are possible through the overlying thick layer of Proterozoic crust and 
lithosphere. Carbonatite melt has a viscosity as low as 0.006 Pa-s, three orders of magnitude lower than 
mafic silicate melts (Kenney-Benson et al., 2014). Computational models suggest enhanced melt 
transport through channelization in upwelling asthenosphere from even minor additions of CO2 and H2O 
(Keller and Katz, 2016). Less viscous carbonated silicate melts have the potential to more easily 
accumulate and escape through the lithosphere to the surface. Primary melt density must also be lower 
for volatile rich melts than for dry, though the difference is not measurable once lavas are frozen at the 
surface and volatiles largely escape. The combined effects of low melt density and viscosity allow these 
melts to escape to the surface with particular ease, or with an even smaller tectonic perturbation than 




contributes to Rungwe being the only volcanically active region in the southern 1200km of the East 
African Rift.  
 
High volatile concentrations in the source of OIB-type magmatism may also play a large role in melt 
production such that some asthenospheric sources may be better defined as compositional anomalies 
instead of thermal ones. One recent survey of global MORB characteristics notes the lack of a 
temperature effect on MORB melting near the Azores plume (Dalton et al., 2014). Azores lavas share 
similarities, both compositional and isotopic, with continental melts presumed to have been sourced from 
volatile rich mantle. It is even suggested that Azores melts are the product of a mantle wet-spot instead of 
hotspot (Métrich et al., 2014). The source of intraplate volcanism could be better described in both 
thermal and chemical dimensions as both characteristics can increase the likelihood of melting in 
intraplate settings.  
 
2.5.5. Thermobarometry and Tomography  
Anomalously low seismic wave velocities in the mantle can be attributed to temperature or compositional 
anomalies, such as the presence of melt. S-wave tomography around the Tanzanian Craton is sufficient 
to resolve the effects on mantle velocities for major volcanic regions (O'Donnell et al., 2013). Our 
aluminum-based pressure estimates for melts align with the negative s-wave velocity anomaly (Figure 
10). We use this as an independent verification that our pressure estimates are reasonable. Similar 
comparisons to regional tomography can be made in other regions of active volcanism around the 
Tanzania Craton from the same tomographic models at this scale. With the successful acquisition of data 
from the SEGMEnT seismic array (Shillington et al., 2016), modeling the subsurface in the region specific 
to Rungwe can provide a comparison to the thermobarometry results to a resolution that was not possible 
before (Accardo et al., 2019). 
 
In OIB melting environments that underlie oceanic lithosphere, melts with a low degree of partial meting 




2011a). Low partial melt fractions comprise the majority of Rungwe samples, and their depths can help 
interpret the depth of the LAB in the same way OIB melt depths do for oceanic lithosphere. Within 
Rungwe, the Mpoli and Izumbwe Hills group of cinder cones to the northeast of the Ngozi caldera 
requires an ~75% slope in the topography of the LAB to reconcile the ~30 km range in the depth of 
melting between the two edifices. While not as deep at the base of the Tanzanian Craton lithosphere at 
150 ± 20 km, the ~100km depths of melt at Rungwe remain shallower than the depths of non-cratonic 
Proterozoic lithosphere away from the rifting region (O'Donnell et al., 2013; Weeraratne et al., 2003). 
Lithospheric depths of <100 km within the rift structure suggest thinning of the lithosphere either by pre-
Cenozoic tectonics, or the ~20Ma duration of active melting currently observed.  
 
Deep earthquakes have been observed in the crust in nearby Rukwa and Malawi rifts (Camelbeeck and 
Iranga, 1996; J. A. Jackson and Blenkinsop, 1993; Nyblade and Langston, 1995), and recent modeling 
places the Moho depth, or the crust mantle transition depth, of up to 40 km (Borrego et al., 2018). If the 
crustal thickness around Rungwe is ~40km, the minimum thickness of the subcontinental lithospheric 
mantle is ~12 km directly beneath Rungwe.  
 
2.5.6. Rungwe Melts as a Plume Source 
The source of melting at Rungwe occurs at asthenospheric temperatures, greater than the limits of 
lithosphere at the depths estimated. Initial geochemical evaluation highlighted the lithospheric 
contributions primarily using trace element chemistry (Furman, 1995). More recent isotopic data has been 
used to argue that the source of Rungwe magmatism is a plume genetically connected to other EAR 
volcanic regions; the lavas bear isotopic semblance to OIB-type plume volcanism, and are argued to 
originate from a single source common to the entire East African Rift through Sr-Nd-Pb, and noble gas 
isotopes (Castillo et al., 2014; Hilton et al., 2011; Shukla et al., 2015). Depth estimates, interpreted to be 
at or below the LAB, suggest that lithosphere is preferentially thinned under the volcanic region. Potential 
temperatures are not significantly elevated above ambient mantle temperatures (Herzberg et al., 2007; 




Rungwe samples show that the asthenosphere contributed more significantly than the lithosphere (Figure 
10). The compositions previously used to estimate potential temperatures of 1420-1446°C at Rungwe 
yield temperatures consistent with our data when the assumptions about source oxygen fugacity and Fo# 
are updated to the values used in our estimation (Rooney et al., 2011).  
 
Though debate over the global temperature range of the ambient mantle persists, geophysical and 
geochemical arguments conclude the temperature of the mantle under East Africa is elevated, even if 
debate persists about the temperature range of the ambient mantle sampled by MORB. Buoyancy models 
of mantle plumes require elevated potential temperatures of up to 150°C to create a density contrast and 
positive buoyancy sufficient to rise from the core-mantle boundary (Turcotte and Schubert, 2014). The 
potential temperature anomalies in the Western Branch do not meet these criteria, while Tpmax in the 
Eastern Branch are sufficient evidence of a positively buoyant thermal plume head. Though water and 
carbon appear to have a large influence in deeper parts of the mantle above the transition zone, not 
enough is known about the carrying capacity, and distribution in the mantle beneath the transition zone 
where bridgmanite is prevalent (Tschauner et al., 2014).  
 
Two possible scenarios can help reconcile the low Tp values estimated here with other geochemical 
observations relating Rungwe melts to a deeply seeded asthenospheric source. If ambient mantle 
temperatures are low (Tp ~1300), then ΔTmax = 72°C. This is a definitive temperature anomaly that is 
recorded in some OIBs, and is large enough to support mantle upwelling in simple geodynamic density 
contrast models. The temperature of the ambient mantle is intrinsically linked to the temperature 
estimates made on the global sampling of MORB. Melts here are undoubtedly fluxed by the presence of 
volatiles that likely have not been taken into account in the reported 1350±50 °C. MORB concentrations 
of CO2 and H2O, by direct measurement or by proxy, are small enough that any change in the global Tp 
would be insignificant. A global compilation of 616 MORB samples yields an average concentration of Ce 
in ppm of 13.78 ± 10.82 (Jenner and O’Neill, 2012), which translates to 0.276 ± 0.216 wt% H2O, and ΔT = 




analyzed bear SiO2 concentrations low enough to indicate CO2 has any significant effect on the 
temperature of melting.  
 
Geodynamic explanations of isostasy, gravity, and topography support a regionally elevated ambient 
mantle temperature beneath the EAR (Nyblade and S. W. Robinson, 1994; Sembroni et al., 2016). No 
thermal anomaly specific to Rungwe can exist if regional potential temperatures are elevated to the levels 
detected by our thermobarometry around the entirety of Tanzania Craton. The solidus depression from 
the volatiles plays a large role in creating melts of a large enough volume to escape to the surface. Melts 
are fluxed by volatiles proportionally to melt fraction, and samples with the highest Tp are those melts 
with the highest melt fraction and influenced least by volatile addition. The large variation in recorded 
temperatures could be attributed to varied influences of volatiles on an anomalously warm upwelling 
mantle parcel. The duration of an upwelling mantle flow regime would dictate the how much temperature 
contrast could exist across the LAB, based on thermal diffusion. Melts that originate in this upwelling 
asthenospheric mantle package could mobilize enriched lithospheric metasomatic phases more easily in 
the absence of a temperature contrast. However, such a condition would complicate or obscure detection 
of this boundary layer in geophysical observations. The melt generation due to source chemistry instead 
of a lack of thermal anomaly is consistent with geochemical explanations for the generation of alkaline 
melt (Pilet, 2015). 
 
2.6. Conclusions  
A new thermobarometer algorithm outlined here is calibrated for alkali-rich and silica-poor magma 
compositions that considers the effect of the volatile content on the melt. This new parameterization 
seeks to expand the applicable range of melt compositions from previous thermobarometry methods, and 
is in agreement where there is overlap in the calibrated range (C.-T. A. Lee et al., 2009; Plank and 
Forsyth, 2016). Additional refinements to the effects that volatiles impose on the PT conditions of the melt 
optimize our algorithm for alkaline volcanism with limited melt fraction. Pressure and temperature 




and fO2 of the peridotite melt source are more accurately modeled  by analysis of both the composition of 
melt and olivine phenocryst pairs (Mallmann and O’Neill, 2009). This algorithm estimates melting 
conditions of intraplate volcanic environments in continent or oceanic lithosphere. The method is 
optimized for any melting region where a high volatile budget and/or thick lithospheric lid is presumed.  
We apply this new thermobarometer to volcanic provinces along the East Africa Rift to examine variations 
in the depth and pressure of melting and their relationship to the Tanzanian Craton. These pressure 
estimates agree with interpretations of regional tomography where inspected in detail around the 
Tanzania Craton. Rungwe melts originate in the asthenosphere based on depth estimates of mafic melts 
compared to estimates of lithospheric depth. The regional lithosphere has been thinned significantly in the 
melt region directly beneath Rungwe (Accardo et al., 2019; Grijalva et al., 2018). The range of potential 
temperatures observed along the Western Branch suggest that asthenosphere is the main contributor to 
melts. While lithospheric contributions may significantly influence the final trace element or isotopic 
compositions of melts, the lithospheric effect on the major element chemistry is limited to Toro-Ankole. 
Maximum potential temperatures of volcanic provinces around the Tanzania Craton suggest that while 
the regional mantle may be elevated above ambient values that produce global MORB melts, thermal 
anomalies significant enough to cause asthenospheric upwelling (>150°C) are limited to the Eastern 
Branch and are not yet definitively elevated at Rungwe Volcanic Province. 
 
Calculation tools included in the electronic supplement are applicable in other modern continental rift 
environments like the Rhine Graben, and Rio Grande Rift (Mertz et al., 2015; Métrich et al., 2014; Wang 







































Figure 1. Magmatic regions of the EAR and Rungwe Volcanic Province. Extent of Cenozoic 
magmatic regions, lakes, and major faults of the East African Rift system with major regional 
names labeled. The approximate extent of the Tanzanian Craton outlined (Koptev et al., 2015). 
Volcanic provinces colored by Geologic Period of eruption after (Thiéblemont, 2016). Regional 
names and major volcano stratigraphy of the Rungwe Volcanic Province and surrounding region 
of southwest Tanzania and northern Malawi are after original maps (Harkin, 1960; Rooney, 2017a), 
major fault lines (Ebinger et al., 1989), and SRTM topography overlay shown. Carbonatite bodies 










Figure 2. Whole rock variation of nine major elements versus MgO (all in wt%) for original and 
published sample compositions from the Rungwe Volcanic Province and of corresponding 
calculated primary melt composition. Vector lines from original to calculated primary melt 
compositions in green for olivine addition, and red for crystal fractionation. Two samples with 
high magnitudes of olivine accumulation (R031:12.1%; R104:9.1%), and one value with high 
olivine fractionation (R081:10.5%) have been labeled for reference in the SiO2 and FeO plots. Two 
felsic samples plot outside the designated range in some plots. Original concentrations plotted 
were recalculated to a 100% sum from the nine constituent major elements in wt% oxide (Table 1). 
Measured values are included in Table 1. Ordinate value range of the five carbonatite 
compositions are listed on each plot, as they frequently plot outside the range designated. The 
effects of magmatic differentiation on the major element oxides can be approximated by the 
concentration in the felsic group with <1 wt% MgO. Felsic group samples have higher SiO2, Al2O3, 
Na2O, K2O, MnO and lower concentrations in all remaining oxides including MgO. Arrows in the 
SiO2 vs MgO plot indicate the effect of increasing CO2 in the source during melting. Samples 
which fall below the line at SiO2 =46.2 wt%, determined by experiments on carbonated melts 
(Dasgupta et al., 2013a), melted in the presence of CO2, significant enough to affect the major 
element melt composition. Major element data sources for published Rungwe samples: (Castillo 
et al., 2014; Crabtree and Chesworth, 1992; Fontijn et al., 2013; 2012; Furman, 1995; Harkin, 1960; 









Figure 3. IUGS classification diagrams of original samples from Rungwe. IUGS nomenclature 
accompanies sample compositions in Table 1. A. Total Alkali-Silica Diagram (Le Bas et al., 1986). 
Solid lines delineate fields for different chemical classification of extrusive igneous rocks. 
Samples that plot above the diagonal dashed line can be described as alkaline (Le Maitre et al., 
2004).. B Plot of Na2O vs K2O. Whole rock compositions that plot outside the parallel diagonal 
dashed lines obtain the prefix “Potassic-” if K2O>Na2O (above upper line), or “Sodic-“ if (Na2O-
4)>K2O (below lower line). Samples that plot in the Trachy-Basalt, Basaltic-Trachyte, and Trachy-
Andesite in the TAS diagram obtain special designations if (Na2O-2)>K2O, which are reflected in 
Table 1 (Le Bas et al., 1986). C. CPIW normative mineralogy of Nepheline vs Albite calculated from 
whole rock compositions of valid Rungwe rock samples (Pruseth, 2014). Samples that plot in the 
Basanite and Foidite fields of the TAS diagram require further classification to determine if they 
are Nephelinite, Basanite, or Melanephelinite (Le Bas, 1989; Le Bas and Streckeisen, 1991). The 








Figure 4. Olivine compositional data for identified phenocryst and xenocryst compositions in the 
12 samples analyzed. Xenocrystic olivines (white circles) were identified in samples R031, R035, 
R104 (all circles) using the criteria displayed. A. Olivine Ni (ppm) vs olivine Fo#. B. Olivine CaO 
(wt%) vs olivine Fo#. C. Olivine Mn (ppm) vs olivine Fo#. D. Olivine V/Sc ratio vs olivine Fo#. E. 
Olivine Sc (ppm) vs olivine V (ppm). The concentrations of trace elements V and Sc were used to 
identify and separate xenocrystic olivines from the rest of the population. Xenocrysts were not 






Figure 5. The Fo# of olivine core/rim pairs for phenocrysts and xenocrysts. The core and rim were 
analyzed by laser ablation for five olivines in each sample population to test for zonation. Color 
shades follow those in Figure 2, with minor variations. Samples plotted together on one chart 
share a chemical or geographical relationship. Xenocrysts, as designated by Sc, V concentrations 
in Figure 3, are plotted in black. Two xenocrystic olivine cores contain rims with phenocrystic 





Figure 6. Temperature parameterization of volatile-free and CO2-bearing peridotite partial melts. A. 
MgO in experimental melt vs CO2-free temperature (Dasgupta et al., 2013a; 2007a; Walter, 1998). 
MgO is normalized with CO2 in the sum. CO2-free melt temperature derived from experimental 
temperatures following Dasgupta et al. (2013), Colored lines show parameterization using 




calculated temperature derived from parameterization equation (1). 1:1 line (solid line) and 1s 
envelope (dashed lines) illustrates how the temperature is reproduced within 16°C (1s) for both 
CO2-free and CO2-bearing experiments. All included experiments are based on the same peridotite 
starting composition, KLB-1 (Dasgupta et al., 2013a; 2007a; Walter, 1998) and MixKLB-1  
(Dasgupta et al., 2013a; 2007a). Filled symbols have variable starting CO2 contents of 1 wt.% (4, 5 
GPa), or 2.5 wt.% (2, 3, 4, 5 GPa) (Dasgupta et al., 2013a; 2007a). Open symbols highlight 





Figure 7. Pressure parametrization of volatile-free and CO2-bearing peridotite partial melts. A. 
Al2O3 vs CO2-free temperature (Dasgupta et al., 2013a; 2007a; Walter, 1998). Al2O3 normalized 




temperatures following Dasgupta et al. (2013), compare section 3.2. Colored lines show 
parameterization using equation (2) for pressures of 2, 3, 4 and 5 GPa. B. Experimental pressure 
versus calculated pressure from parameterization equation (2). 1:1 line (solid line) and 1 sigma 
envelope (dashed lines) illustrates how the pressure is reproduced within 0.2 GPa (one sigma) for 
both CO2-free and CO2-bearing experiments. Open symbols highlight experiments with 0 wt.% CO2 





Figure 8. Temperature and depth results for Volcanic Provinces of the Western Branch of the East 
African Rift. Left. Temperature versus depth plot of samples in this study, and literature samples 
from Rungwe (Castillo et al., 2014; Furman 1995). The results of xenolith thermobarometry from 
the Tanzania Craton (Rudnick et al., 1998; Carlson et al., 2005). Orange, ochre, and blue fields 
represent the temperature and depth results from other volcanic provinces in Western Branch of 
the EAR. Grey field represents the limits of off-craton lithosphere as defined by melting 
experiments of hydrated mantle peridotite (Green et al., 2010), and further clarifications in Class 
and Goldstein (1997) and Niu et al. (2011). Black solidus line from Katz (2003). Blue, grey, and 
double lines are the calculated solidi for H2O only, C2O only, and both volatiles combined by 
addition, respectively, in concentrations found at Rungwe. Grey dashed lines are adiabatic 
isotherms with ranges for ambient mantle and plumes noted. Long dashed line is a calculated 
cratonic geothermal gradient for the Tanzania Craton (Artemavia et al., 2001), and an average 
geothermal gradient of 27.5 °C/km plotted to the estimated Moho depth of 40km (Borrego et al., 
2018). Melt temperature values reflect an estimate if no minimum ambient mantle temperature is 
imposed. Right. Histogram comparison of depths recorded from melts in Western Branch of the 
EAR. Horizontal lines at 150±10km represent the estimated thickness of the Tanzania Craton 
(O’Donnell et al., JGI 2013). Horizontal line is drawn at the inferred 40 km Moho depth (Borrego et 






Figure 9. Rift related volcanic provinces around the Tanzania Craton. The volume of erupted melt 
in the Western Rift is limited to four discrete provinces, while the Eastern Branch has produced 
comparatively massive volumes of melt throughout its entire rift structure. Extent of 150 km 
lithosphere thickness inferred from tomographic modeling (Koptev et al., 2015). Maximum 
potential temperatures labeled by each region were calculated using the volatile sensitive 





Figure 10. (Supplement) Temperature and depth results for Rungwe. Left. Temperature versus 
depth plot of samples in this study, and literature samples from Rungwe (Castillo et al., 2014; 
Furman 1995). The results of xenolith thermobarometry from the Tanzania Craton (Rudnick et al., 
1998; Carlson et al., 2005). Grey field represents the limits of off-craton lithosphere as defined by 
melting experiments of hydrated mantle peridotite (Green et al., 2010), and further clarifications in 
Class and Goldstein (1997) and Niu et al. (2011). Black solidus line determined experimentally 
(Katz et al., 2003). Blue, grey, and double lines are the calculated solidi for H2O only, CO2 only, and 
both volatiles combined by addition, respectively, in concentrations found at Rungwe. Grey 
dashed lines are adiabatic isotherms with ranges for ambient mantle and plumes noted. Long 
dashed line is a calculated cratonic geothermal gradient for the Tanzania Craton (Artemavia et al., 
2001), and an average geothermal gradient of 27.5 °C/km plotted to the estimated Moho depth of 
45km. Melt temperature values reflect an estimate if no minimum ambient mantle temperature is 
imposed. Right. Comparison of Vs anomaly to depth estimates for mafic melts from Rungwe. 
Black curve represents the negative anomaly from the model velocity structure for Node 758 from 
the regional surface wave tomography results of O’Donnell et al., GJI 2013. Three solid lines 
represent the mean, +1σ, -1σ, double line represents the median. A histogram of sample depth 























Figure 14. (Supplement) Potential temperature range of EAR vs Ambient Mantle. Lines with five 
circles represent the minimum, -1s, mean, +1s, maximum values of the range specified. Cited 
estimates from the literature are stated as a range, and therefore no standard deviation can be 
calculated to plot. Three separate TpMax are plotted on the Western Branch line, representing the 
maximum potential temperature for each volcanic province listed. Rungwe values are plotted on a 
separate line for comparison. Select regions of the East African Rift around the Tanzania Craton 
overlap completely with recent estimates of the potential temperature range of the ambient mantle 
as sampled by MORBs. The maximum potential temperatures in only the Eastern Branch are 







Figure 15. (Supplement) MgO dependence on pressure independent of CO2 content of the melt. 
MgO in experimental melts vs CO2-free temperature (Dasgupta et al., 2013a; 2007a; Walter, 1998). 





























CO2-free Temperature (°C) 
2GPa 2.5 CO2 
3GPa 2.5 CO2 
3GPa 0 CO2 
4GPa 2.5 CO2 
4GPa 1.0 CO2 
4GPa 0 CO2 
5GPa 2.5 CO2 
5GPa 1.0 CO2 













































































































































































































































Table 1. Calibration standard values for five calibration standards. Rock standard reference 
materials used in the major element concentration calibration on ICP-OES. Rock standard values 
were compiled from GeoRem (georem.mpch-mainz.gwdg.de/sample_query_pref.asp). Ionic 
species and corresponding measured wavelength in first column. Published values for rock 











































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































Table 2. Major element results for Rungwe samples. Table contains results of ICP-OES of major 
element oxides, loss on ignition values, and sum. The IGSN, and sample coordinates, and IUGS 
classification accompany each sample. Concentrations are in wt%. The process of fluxing, and 
LOI measurement oxidizes all iron in powders, therefore all iron has been calibrated as Fe2O3. 





























































































































































































































































































































































































































































































































































































































































































































































































































Table 3. Measured and published rock standard comparison for trace elements. Average, 
Standard Deviation, % RSD, and % Difference are calculated for each comparison. Standards are 
treated as unknown in trace element ICP-MS measurement to test the quality of the procedure. 
Calibration is by elemental addition. Standards were processed and run concurrently with 
unknowns within each day of running. A greater number of calibration curves run within any 
sequence increased the level of certainty of the calibration, and therefore trace element results 
are weighted differently based on the number of calibration curves run on in any run date. The 



























































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































Table 4. Trace element results for Rungwe samples. The IGSN, and sample coordinates, and IUGS 
classification accompany each sample. All trace elements are in ppm. Samples limited to those 
with pressure and temperature estimates, trace elements limited to those necessary as inputs for 












































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































Table 5. Major and trace element concentrations of monitor standard San Carlos Olivine 
(Abbreviated SCOL, officially USNM 111312/44). Corresponding Rungwe sample olivine population 


















































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































Table 6. Major and trace element concentrations of olivine phases collected from Rungwe whole 
rock samples. Sample name, unique IGSN, olivine location (core/rim) accompany the data. Sample 































































Chapter 3: Volcano Tectonic History of the Southern East African Rift with 
Refined Ar-Ar Geochronology of Rungwe Volcanic Province 
 
3.1. Introduction 
The East African Rift (EAR) System has served as the type locality for a continental rift since its observation 
and description by David Livingstone in the 1850s. The Cenozoic system of fault structures, sedimentary 
basins, and magmatism have played a central role in formulating modern Plate Tectonic Theory. The EAR 
system provides the best contemporary example on Earth of the transition from continental breakup to 
seafloor spreading (Moores et al., 2013), a central tenet of Plate Tectonic Theory that is still poorly resolved. 
Some geodynamic models seeking to explain extension in the East African Rift  assert that magmatic dyke 
intrusions are the only way to sufficiently lower yield stresses to allow rifting of the cold, thick lithosphere 
(Bialas et al., 2010; Buck, 2006). Synchronous flood magmatism (Large Igneous Provinces) and continental 
rifting in some regions appear to validate these geodynamic models (Courtillot and Renne, 2003), especially 
for the Afar and Main Ethiopian Rift portions of the East African Rift where flood volcanism is present. In 
contrast, the Western Branch of the East African Rift has defied these models by successfully propagating 
through strong lithosphere for at least the last 8 Ma with only a few isolated and volumetrically minor 
volcanic provinces including Toro Ankole, Virunga, Kivu, and Rungwe (Figure 1) (O'Donnell et al., 2015). A 
prerequisite for our understanding of the role of magma in early-stage continental rifts, particularly for rift 
segments where the surface expression of magmatism is limited to isolated volcanic provinces, is a precise 
and detailed chronology of volcanic events in the context of rift fault displacement and basin development. 
Active basin sedimentation and volcanic eruptions at Rungwe Volcanic Province initiated as early as 25 Ma 
and accelerated in rate and magnitude after 9 Ma (Ebinger et al., 1993a; 1989; Hilbert-Wolf et al., 2017; 
Roberts et al., 2012). Rungwe is the most isolated volcanic province along the EAR, with over 800 km 
distance to other volcanoes. How are the timing of magmatism and rift initiation related in magma-poor 





Based on the low heat flux and thick crust and lithosphere, magmatic intrusion should be necessary to 
successfully initiate rifting through regions of thick continental crust and lithosphere and low heat flux, like 
the EAR (Buck, 2015). Based on the scarcity of magma along the Western Rift, the timing of rift initiation 
does not require magmatic intrusion to precede it. The links between timing of magmatism and rift initiation 
in the isolated volcanic provinces in the Western Branch EAR are not supported by comprehensive 
geochronology at this time. Here we test the dependence of magmatism on tectonic protuberances with a 
comprehensive survey of geochronology of Rungwe volcanic province, focusing on the extent of early 
eruptive activity and the age of isotopically distinct magmas.  
 
Isotopic characteristics of Rungwe melts serve to provide genetic links to melts elsewhere in the EAR. 
Certain geochemical indicators highlight the role of lithospheric melting for EAR volcanism (Furman, 1995; 
Furman and Graham, 1999; Rooney et al., 2017; 2014b). Lithospheric delamination and foundering has 
been proposed as one possible cause (Furman et al., 2016). East Africa Rift magmas exhibit some isotopic 
characteristics attributable to a mantle plume (Castillo et al., 2014; Ebinger and Sleep, 1998; Halldórsson 
et al., 2014), although the ~35 Ma duration and expansive surface area cause some to debate about the 
number of plumes required (Pik et al., 2006; Rogers et al., 2000). The topographic highs observed 
throughout East Africa appear to be isostatically supported by anomalous mantle (Lithgow-Bertelloni and 
Silver, 1998; Nyblade and S. W. Robinson, 1994; Pik, 2011), a feature detected by mantle tomography 
(Adams et al., 2012; Hansen et al., 2012; Weeraratne et al., 2003). Lithospheric melts are more likely to be 
associated with localized lithospheric extension, while plume derived melts should be capable of impinging 
stable plates in the absence of relative tectonic motion.  
 
Cenozoic magmatism at Rungwe Volcanic Province expresses geochemical characteristics which have 
lead authors to conclude that the melt source is metasomatized continental lithosphere (Furman, 1995; 
Ivanov et al., 1998). Yet, later isotopic results highlight contributions from an asthenospheric plume source 
using noble gasses which are uniquely suited to differentiate between lithospheric and asthenospheric 




certain ocean intraplate volcanic islands because they bear a primitive 3He/4He ratio (relatively deprived of 
4He) (Hilton and Porcelli, 2014a), an isotopic signature not present in mid-ocean ridge basalt or melts 
derived from the lithosphere or crust. A majority of Rungwe melts bear a noble gas signature that is plume-
derived like many ocean islands or asthenospheric, while only one sample yielded a lithospheric signature 
(Halldórsson et al., 2014; Hilton et al., 2011). Further Sr-Nd-Pb isotopic results have proposed a model of 
how contributions of both a plume and continental lithosphere could contribute to Rungwe melts (Castillo 
et al., 2014). The age of melts that bear a plume-derived He isotopic signature is of importance then, to test 
the duration of plume contributions to melts at Rungwe. By directly dating a subset of samples that exhibit 
elevated He isotopes, a marker for the plume component, we test the duration that a plume component has 
contributed significantly to Rungwe melts. 
 
3.2. Geological Background 
3.2.1. Chronology of Western Branch Magmatic Provinces 
The Afar Rift, Ethiopian Rift, and Eastern Branch (Kenya Rift) of the East African Rift System are thermally 
uplifted plateaus with prominent graben structures whose corresponding basins are occupied by 
sedimentary and volcanic deposits (Figure 1) (Chorowicz, 2005; Macgregor, 2015). Rift melts are, at least 
in part, the product of lithospheric partial melting (Rooney, 2017a; Rooney et al., 2017), which has thinned 
the underlying continental lithosphere locally. The Western and Eastern Branch encircle the Tanzania 
Craton. The Western Branch is different from the Eastern Branch in morphology and magmatic expression. 
These differences may result in part from asymmetric upwelling plume-craton interactions (Koptev et al., 
2015; 2016). Extension in the Eastern Branch is primarily accommodated by magmatic intrusion, resulting 
in expansive lava flows and several mountain-building stratovolcanoes, including Kilimanjaro. Magmatic 
provinces in the Eastern Branch have been shown to commence  prior to 20 Ma in several localities and 
are closely tied to rift stratigraphy (F. H. Brown and McDougall, 2011; McDougall and F. H. Brown, 2008; 





The Western Branch exhibits long (100 km) border fault systems that are seismically active, with large 
displacements that result in contrasting high mountain ranges (>1000m elevations) and rift basins hosting 
some of the deepest lakes in the world (Accardo et al., 2018; Ebinger et al., 2019; Lavayssière et al., 2019; 
Muirhead et al., 2019). There are relatively minor, isolated volcanic provinces along the >2000 km of the 
Western Branch. Each province exhibits unique and variable chemical and isotopic signatures (Foley et al., 
2012). Low magmatic volumes and pronounced rift segments have lead authors to the conclusion that the 
Western Branch was the most recent rift branch to initiate at ~11Ma in Virunga Volcanic Province north of 
Lake Kivu (Kampunzu et al., 1998), and ~8 Ma in South Kivu. The history of volcanic activity in the 
northernmost and smallest volcanic province, Toro-Ankole, is only Quaternary (Boven et al., 1998). Revised 
chronology has shown that limited early volcanism existed at least as early as in the Eastern Branch at 
Rungwe (25 Ma) (Roberts et al., 2012), and around Lake Kivu (21 Ma) (Pouclet et al., 2016).  
 
3.2.2. Pre-existing Structures – Basement Geology 
The Cenozoic rift system has propagated through a variety of preexisting continental terranes (Daly et al., 
1989; Dunbar and Sawyer, 2012; Ring, 1994). Rift melts that incorporate metasomatic remnants in the 
lithosphere from these varied continental terranes express a wide variety of alkaline volcanic chemistry 
throughout the rift (Rooney, 2017a). Alkaline magmatism, which is prevalent throughout the East African 
Rift, has a tendency to emerge in the same geographic location repeatedly over long time scales, especially 
on the continent of Africa (Bailey and Woolley, 1999). The terranes through which the East African Rift has 
propagated host the highest concentration of alkaline bodies in the world (Woolley, 2001). In Southwest 
Tanzania, carbonatites and associated alkaline bodies have been identified from the Proterozoic (Eby et 
al., 1998; Zambezi et al., 1997), Mesozoic (Pentel'kov and Voronovskiy, 1977; Snelling, 1965), and 
Neogene that may have been a precursor to silicic rift magmatism (Roberts et al., 2010). The Panda Hill 
carbonatite is the proposed source of magmatism that deposited volcanic tuffs in the Songwe River Basin 
at ~25 Ma (Figure 1), mainly because of its location at the headwater of the Songwe River. This and another 
nearby carbonatite body, the Mbalizi carbonatite, were sampled primarily to confirm the source of the 25 




specific regions of the continental lithosphere by recurring tectonic extension has been documented over 
the past 700 Ma for the regions surrounding Rungwe (Bailey and Woolley, 1999). Thus, a Cenozoic 
carbonatite magmatism event would not be unexpected in this region, even after significant gaps in time 
between events.   
 
The Cenozoic Rungwe Volcanic Province overlies Proterozoic Ubendian and Usagaran orogenic belts (not 
shown), both with initial crust formation in the Neoarchaean (Kazimoto et al., 2014), and subsequent 
metamorphic stages associated with tectonic accretion persisted throughout the Proterozoic (Boniface and 
Appel, 2018; Lenoir et al., 1994; Manya and Maboko, 2016; Reddy et al., 2003; Ring et al., 2002; Stern, 
1994; Tenczer et al., 2007; Thomas et al., 2016). The chemistry of preserved basaltic andesites and 
accompanying plutons indicate that active subduction and subsequent magmatism had occurred here in 
two distinct phases (Kasanzu et al., 2017; Manya, 2013; Möller et al., 1995; Tulibonywa et al., 2014). These 
tectonic events highlight the potential heterogeneity of the regional lithospheric mantle and crust that 
Rungwe magmas must have traversed to erupt.  
 
3.2.3. Chronology of Volcanic Activity – Rungwe 
The first geological map of Rungwe Volcanic Province is based on the division of eruptive activity into 
younger and older extrusive sequences, from field study that was complemented by geochemical and 
petrographic analysis (Harkin, 1960), most details of which have only been slightly amended since (Figure 
1). The outlines of younger extrusive units could be mapped via ground survey of aerial photography, where 
erosion or soil cover had obscured the outline of any individual flow in older units. Later, geochronology by 
K-Ar and/or Ar-Ar analyses constrained the main activity at Rungwe to younger than 9Ma (Ebinger et al., 
1993a; 1989), magmatism initiation coincident with the proposed initiation of accelerated displacement 
along the Livingstone border fault and complimentary Karonga Basin (Figure 1). Evidence for eruptive 
activity at ~19 Ma (K-Ar, Ar-Ar, and Rb-Sr isochron) called into question the date that tectonic extension 
commenced or to the temporal relationship between volcanism and faulting (Ivanov et al., 1999; Rasskazov 




dating; phonolite domes in the Usangu Basin had previously been interpreted by morphology and field 
relationships as  <1 Ma (Harkin, 1960), but radiometric ages revealed that they were part of the earliest 
pulse of magmatism detected. Further radiometric Ar-Ar dates suggest that magmatism had been occurring 
without any significant gaps since 9 Ma (Ivanov et al., 1999). Carbonatite tuff layers in deposits of the 
Songwe River Basin, beyond the northwest extent of the younger Rungwe volcanic deposits, dated to ~25 
Ma (Ar-Ar phlogopite, U-Pb zircon, titanite) (Roberts et al., 2012). These authors argue that tectonic 
extension had already commenced prior to volcanic activity.  
 
The most recent volcanic edifices at Rungwe are arranged in linear patterns and appear to be influenced 
by the current fault architecture (Ebinger et al., 1989). The realization that magmatism was present up to 
14 Ma prior to the proposed age of development of the major border fault system (Roberts et al., 2012), as 
well as evidence for earlier exhumation and erosion along the Livingstone border fault (Figure 1) (Mortimer 
et al., 2016), lead to questions regarding the spatial and temporal relationship between magmatism and rift 
architecture. By detailed geochronology on new samples and integration with a broad range of published 
age data, we seek to establish how early magmatism relates to newer interpretations of fault displacement, 
and how rifting has affected the spatial distribution of volcanoes through time.  
 
3.3. Analytical Methods 
Samples for age analysis were collected in 2012 as part of the SEGMEnT project (Shillington et al., 
2016).Part of the motivation of this project was to sample and date the oldest volcanic materials from 
Rungwe. Many samples were collected along the periphery of the province for the purpose of identifying 
the oldest eruptive materials.  The basal flows, often obscured by more recent volcanic activity, were most 
often found at distal ends of lava flows, uplifted normal fault shoulders, and in gorges incised by rivers and 
streams. Silicate and carbonatite samples in close proximity to the Songwe River Basin were sampled and 





 Additionally, a subset of samples dated for this study were previously collected and described for 
geochemistry and noble gas isotope characterization (Halldórsson et al., 2014; Hilton et al., 2011). 
Appropriate potassium-rich phases, or matrix samples were prepared and dated in the AGES laboratory at 
Lamont-Doherty Earth Observatory of Columbia University. The appendix includes a detailed description 
of the method and procedural refinements made throughout this project to obtain higher quality 
geochronology on samples of this type. Supplementary Table 1 contains the run data used for age 
determination for each sample, as well as accompanying decay constants, atmospheric argon ratios, and 
production ratios of interfering isotopes. Supplementary figures plot the integrated, plateau, and isochron 
age determinations, their uncertainties, and supporting information, as well as descriptions for each step-
heating experiment.  
 
3.4. Results 
Ar-Ar ages of 29 new samples, 5 of which have been previously analyzed for He isotopes (Hilton et al., 
2011), are reported in Table 1. All step heating spectra plots and isotope correlation diagrams used in the 
final age determination for each sample, with accompanying notes and explanation, are contained in the 
Supplementary Figures (Section 3.8). Representative spectra and isochrons are displayed in Figure 2. 
Plateau ages and uncertainties are the preferred age in most samples, while isochron ages are used for 
samples R007, R103, (See Appendix 3 for explanation of preferred ages and uncertainties). 
 
The intracrystalline matrix was deemed the most suitable material for Ar-Ar analyses in most cases and 
was used to date 23 of the 26 silicate (non-carbonatite) samples. Initial step heating experiments were 
fused using a CO2-laser, while later experiments utilized a diode laser once it was installed. CO2-laser step-
heating experiments typically consisted of 5 heating steps. Incremental heating by diode laser of sample 
grains packaged in tantalum capsules allowed for more heating steps per aliquot, because more sample 
material could be heated more precisely than in CO2-laser experiments. Matrix samples were all heated by 
diode laser. CO2-laser step heating was only used for two samples (R007, R103). The upgrade from the 




place over the course of this project represents an evolution in the capability of this lab to effectively date 
primary volcanic materials. The age uncertainties of samples heated by diode laser are generally lower 
than the uncertainties of those heated by CO2 laser, which is why most original experiments were replaced 
later by diode laser step-heating.  
 
Multiple aliquots of samples R007 and R103 were run contemporaneously. Both aliquots contribute to an 
isochron age for these cases since there is no reasonable way to discard one aliquot when both 
experienced the same analytical running conditions. 
 
The chemical composition and physical characteristics of the matrix material (sample freshness or degree 
of alteration, abundance of phenocrysts, and proportion of glassy vs crystalline makeup of the matrix), and 
analytical factors (machine stability) are the major contributors to variations in uncertainty. For instance, the 
mafic sample R109 contained minimal glassy matrix, a large proportion of coarse crystalline matrix, 
generally high Ca/K, resulting in a high uncertainty of 2.9% (1s). Conversely, sample R098 was composed 
of an unusually uniform, glassy matrix with few phenocrysts, low Ca/K for each step of the experiment 
resulting in a low uncertainty of 0.17% (1s). Dating precision is lower for rock types with lower whole rock 
K2O such as olivine-picrites and basanites, which have lower gas yields and require large interference 
corrections due to high Ca/K.  
 
Three silicate samples from Rungwe contained biotite, which was analyzed instead of matrix (R088 and 
R100 in Supplementary Figures; R117 in Figure 2a and b, also with full description in Supplementary 
Figures Section 3.8). Plateau ages are reported for these samples and uncertainties are lower than samples 
where groundmass was analyzed. However, estimates of the initial 40Ar/36Ar ratio (40Ar/36Arint.) from the 
isochron regression line carry uncertainties that are systematically larger for samples where biotite was 
analyzed instead of matrix, due to the highly radiogenic Ar (making the estimate of the initial unimportant). 
The effect that a high Ca/K correction has on the uncertainty of apparent age estimates can be seen in high 





Age determinations were made on 5 samples with published He isotopes (Hilton et al., 2011), to determine 
the age range in which the elevated 3He/4He source component contributed to Rungwe melts. All of the 
samples were step-heated by diode laser in tantalum packaged aliquots that yielded 11-14 steps. For each 
of the samples, many of the heating steps yielded low %40Ar* due to the young crystallization age of the 
samples. This group of samples is the youngest analyzed in this study, with ages ranging from 1.17 ± 0.10 
Ma to 0.04 ± 0.05 Ma (Figure 6). Sample RNG-19 (Figure 2c) exemplifies these groundmass samples with 
low %40Ar*, often the uncertainties of individual heating steps are overlapping with 0%40Ar*. Two of the 
dated samples were collected from Mpoli, a monogenetic cinder cone (TAZ09-02, RNG-19). Their Ar-Ar 
analyses were combined to form a composite isochron age of 0.41 ± 0.17 Ma (Figure 3b). Sample RNG-
18 has produced the highest measured 3He/4He = 14.9 (R/Ra, or the ratio 3He/4He in the sample when 
compared to atmospheric ratio), and also is the youngest sample dated in this study at 0.04 ± 0.05 Ma. All 
but one sample was collected from lava fields near the base of the Mbeya Range. These lava flows 
comprise the northwest extent of Stage 3 eruptions, nearest to the Rukwa Basin that bears an economic 
reservoir of helium (Hand, 2016). The only sample, RNG-17, with an elevated He isotopic signature not 
bordering the Rukwa Basin was collected from the distal end of a flow originating from the Rungwe caldera 
at 0.28 ± 0.08 Ma (Figure 4).  
 
Carbonatites were dated by step-heating the mica phase in samples that bear them in abundance. Two 
samples from Panda Hill complex (R005 and R007) and one sample from Mbalizi complex (R103) contained 
appropriate accessory mineralogy to yield ages. The blue-grey dolomitic sample, R005, was collected from 
the central ring complex of Panda Hill and the dominant accessory phase is black biotite. Sample R007, 
collected from the outer ring of the Panda Hill complex, is a coarser carbonatite, sövite, dominated by white 
Ca-carbonate with minor accessory phlogopite that is crimson and euhedral. Outcrops of the Mbalizi 
complex are exposed only for ~100 m in the Nzowe River 2 km northeast of the town of Mbalizi on the main 
road between Mbalizi and Mbeya. Estimates of the size of the complex are imprecise because of the 




Voronovskiy, 1977). Sample R103 was collected from the bank of a small tributary river gorge where large 
(>1 m) blocks of carbonatite outcrop. The sample is a blue-grey carbonatite with abundant brown-black 
phlogopite 10-15 mm in diameter that are aligned in sheets throughout the rock.  Mica separates from the 
carbonatite samples were analyzed with 6-14 heating step schedules, the treatment typical of micas of the 
500-710 µm size fraction and the given age range. Sample R005 isochron age was fused in 14 successive 
heating steps, each resulting in consistent and measurable quantities of gas. For samples R007 and R103, 
the quantity of Ar gas released in the scheduled heating steps was not consistent and resulted in large 
uncertainties for some of the initial or final heating steps. Valid heating steps from two aliquots of each of 
these samples are combined on an isotope correlation plot (Supplementary Figures). Large uncertainties 
on the 40Ar/36Arint. exist for these isochron ages due to a lack of precise heating steps with low %40Ar*. 
Multiple aliquots of sample R005 were run, but only the superior aliquot was used in age determination. 
 
In summary, dating on three carbonatite samples yield Jurassic ages (Supplementary Figures Section 3.8), 
while the Rungwe samples range from early Miocene (~18 Ma) to late Pleistocene (0.04 Ma). A majority of 
Rungwe samples (13 of 21 samples with ages between 8.34 and 7.09 Ma) erupted during a period of high 
volcanic frequency at the beginning of Stage 1. Five samples yield ages older than Stage 1, two from 
locations where no Stage 0 eruptions have previously been reported. To provide context, samples with 
published ages and their uncertainties, as reported in the original publication, are compiled in Table 2. 
 
3.5. Discussion 
3.5.1. Carbonatite Age Implications 
A composite isochron, resulting from a regression through the isotopic data from two or more samples, can 
be employed to achieve a more precise age, provided there is justification from field observations to 
combine the samples (Turrin et al., 2008). This approach is applied to age analysis of Panda Hill. The 
composite isochron for samples R005 and R007 form a line in the isochron plot (Figure 3a) (plots and 
descriptions for R005 and R007 individually, are contained within the supplement). The surface extent of 




surrounding ring structure that has fractured, brecciated, or intruded the surrounding basement rock through 
dykes and veins (Fawley and James, 1955), a structure common to many carbonatite and alkaline bodies. 
The blue-grey dolomitic sample (R005) was collected from the central plug of the complex, while sample 
R007, a sövite, was collected from the outer ring of the complex. Individual isochron age results from two 
Panda Hill samples overlap at the 2s level. The composite isochron yields an age of 169.0 ± 0.6 Ma (Figure 
3). 
 
Early field observation-based interpretations conclude that the relative emplacement age of Panda Hill 
occurred prior to or during Jurassic Karoo sediment deposition (Fick and van der Heyde, 1959; Harkin, 
1960) or in the Cretaceous post-Karoo deposition (Fawley and James, 1955). Previously reported 
radiometric ages of carbonatites in the Rungwe area are by K-Ar (Miller and P. E. Brown, 1963; Pentel'kov 
and Voronovskiy, 1977; Snelling, 1965). Panda Hill was dated at 113 ± 6 Ma by K-Ar of micas (Snelling, 
1965). This age agreed with stratigraphic interpretations that reported observations of the carbonatite 
underlying Cretaceous sediment in the nearby Songwe River gorge. Phlogopite from the Mbalizi carbonatite 
yielded two K-Ar age results at 122 ± 8 and 118 ± 9 Ma (Pentel'kov and Voronovskiy, 1977). Additional K-
Ar dates on a biotite at Musensi Hill (101± 12 and 96 ± 9 Ma), and feldspar extracted from a sill in the Mbeya 
Escarpment (100 ± 10 Ma) coincided with the originally published ages of the larger Panda Hill and Mbalizi 
carbonatites (Miller and P. E. Brown, 1963).  
 
This study is the first to employ the Ar-Ar dating method to the Panda Hill and Mbalizi carbonatites. The 
emplacement of the Panda Hill carbonatite body is constrained with a composite isochron age to 169.0 ± 
0.6 Ma and the Mbalizi carbonatite to 154.4 ± 0.9 Ma (Table 1). Both ages differ significantly from past 
radiometric age determinations of these and surrounding carbonatite bodies (>25% older for Mbalizi, and 
~50% older for Panda Hill). Data presented here suggests the Panda Hill body had been emplaced before 
the Mbalizi carbonatite, while prior age determinations concluded that the Panda Hill carbonatite was 
younger. Great advances in methodology, decay constants, and atmospheric ratios have occurred since 




uncertainties arising from differences in the values of constants used for age calculation do not typically 
exceed a few percent (Mercer and Hodges, 2016), making differences in the estimated ages of this 
magnitude difficult to reconcile by updated methodology alone. However, nearby sedimentary sequences 
in the nearby Rukwa Basin have been surveyed for detrital zircons that provide an independent verification 
of carbonatite age revisions presented here. U-Pb age populations of detrital zircons throughout the Rukwa 
Basin have detected a large number of zircons yielding ages that overlap with the carbonatite ages 
proposed here, but have yielded no evidence of a crystallization event with ages that overlap any of the 
previous K-Ar age determinations (Roberts et al., 2012; 2007). The age of emplacement of the minor 
Musensi Hill and Mbeya Escarpment carbonatites and alkaline bodies also deserve to be revisited in light 
of the large age revisions for Panda Hill and Mbalizi carbonatite bodies. 
 
3.5.2. Regional Tectonic Context of Carbonatite Emplacement 
The Jurassic ages of 169.0 ± 0.6 Ma for Panda Hill and 154.4 ± 0.9 Ma for Mbalizi better align these events 
with regional tectonism associated deposition of the Karoo Supergroup of Southern and Eastern Africa. 
The type-locality of Karoo sediments in Southern Africa occurred on the newly formed continental margin 
as Antarctica split away from Gondwana in the Permian (Catuneanu et al., 2005) The sediment sequence 
was capped by a continent-spanning large igneous province at 184-181 Ma, though later stages persisted 
to 176.2 ± 1.3 Ma (Jourdan et al., 2008). Karoo rift basins formed inland of the continental margin in the DR 
Congo, Tanzania, Malawi, and Zambia. There is evidence that Karoo rifting and deposition persisted later 
in these inland basins than on the continental margin (Delvaux, 2001). Fossil-bearing sedimentary 
packages within the Rukwa Basin, directly northwest of Rungwe volcanics (Figure 1), have been correlated 
to late stage Karoo deposition based on fossil assemblages (Gorscak et al., 2017; 2014; O’Connor et al., 
2006). Several of these basins bear volcanic materials that show activity at the same time carbonatites 
were erupting in the Rukwa Basin. One Karoo depositional basin in Malawi similarly bears magmatism 
intercalated with fossil-bearing layers. These Karoo sequences in Malawi bear radiometric ages similar in 
age to the carbonatite magmatism dated here from the Rukwa Basin. In Malawi, two basaltic lava beds 




preserved in southern Malawi were found interspersed with basalt and rhyolite dated to 166 ± 10 Ma 
(Macdonald, 1983). Since the ages of eruptive activity in the Karoo basins of Malawi overlap with the ages 
of Panda Hill and Mbalizi, it is reasonable to conclude that active tectonic extension and associated 
magmatism persisted later than the Karoo LIP throughout Malawi and SW Tanzania. Additional magmatic 
bodies are associated by stratigraphic correlation with late- or post- Karoo basins in Zambia including the  
Kapamba Lamproite (Van de Velde and De Waele, 1998), and extrusive Kaluwe carbonatite (Turner, 1988). 
The location and revised ages of the Panda Hill and Mbalizi carbonatite bodies create a link to later tectonic 
events throughout southern Africa. A tectonic lineament of alkaline activity, attributed to tectonic triggered 
fracturing, was identified spanning from Namaqualand in South Africa, to the upper Luangwa River in 
Zambia with a southwesterly progression in emplacement ages (Moore et al., 2008). Panda Hill and Mbalizi 
carbonatites agree in both age and location with the northeast extension of this broad continental lineament.  
 
Paleontological research of the Cretaceous-Neogene Red Sandstone Group in the Rukwa Basin rely on 
limited absolute dates for interpreting ages of the fossil bearing units (Gorscak et al., 2017; 2014; O’Connor 
et al., 2006). Carbonatite intrusion/extrusion and ash deposition within one of the best studied units, the 
Galula Formation, have been interpreted to have originated from Panda Hill (Roberts et al., 2010), or an 
unidentified carbonatite with similar, pyrochlore mineral containing, mineralogy (Roberts et al., 2012). 
Paleomagnetic results of the Galula formation support a Late Cretaceous deposition age of the diverse 
vertebrate fauna discovered here (Widlansky et al., 2018). The erosion from Panda Hill and Mbalizi 
carbonatites likely contributed to a strong peak in crystallization ages of detrital zircon in the Namba 
member of the Galula Formation at 163 Ma (Roberts et al., 2012), indicative of paleocurrent directions at 
the time of deposition. No radiometric dates from Panda or Mbalizi yet support a re-activation of magmatic 
activity at ~25Ma that could have contributed carbonatite materials to sediments in the Cretaceous-
Neogene Red Sandstone Group, despite them being the most obvious sites to source pyrochlore 
phenocrysts (Roberts et al., 2010; 2007). There are numerous minor carbonatite bodies with unverified 
ages that surround Rukwa Basin (Woolley, 2001), but none are closer to these exposures of the Red 




is also possible that additional carbonatite bodies active at ~25Ma in the vicinity have since been obscured 
by subsequent lava flows or volcanic ash from Miocene-Present Rungwe eruptions. The role of carbonatite 
precursors has been cited as a possible contributor to the chemistry of Rungwe lavas (Furman, 1995), so 
a carbonatite eruption could have preceded silicate magma production. The massive Chilwa Alkaline 
Province of Southern Malawi (130-113 Ma) was a site of Cretaceous carbonatite activity in southern Malawi 
(Eby et al., 1995). The age of emplacement of the Chilwa Alkaline Province is evidence of regional 
tectonism and magmatism continuing in this part of East Africa though the Cretaceous. Two Precambrian 
carbonatites, the NNAP (Eby et al., 1998) and Nkwomba Hill (Zambezi et al., 1997) are within range (both 
<140 km) to contribute ash to the Rukwa Basin, but no reactivation of these carbonatites has been 
documented.  
3.5.3. Rungwe Age Summary 
3.5.3.1. Volcanic Stages Redefined 
Interpretations about the character and duration of eruptive stages proposed by previous authors can be 
refined with the additional geochronology results from this study. Ages from the time periods between 
previously identified spikes in eruptive activity signify that volcanic activity has not ceased for any significant 
period of time since ~9 Ma. Results also reveal that between ~25Ma and 9 Ma, eruptive activity was not 
temporally or compositionally isolated and had occurred over a large portion of the province. Therefore, the 
volcanic stages referred to in this study divide the three recent volcanic stages using radiometric dates of 
individual eruptions to eliminate any gaps in time between volcanic stages. The Pumice Tuff (8.73 ± .062 
Ma, U-Pb), sample T4D (3.04 ± .04 Ma, K-Ar), and sample RNG-13 (1.17 ± .10 Ma, Ar-Ar), have been 
selected as dates to commence Stages 1, 2, and 3, respectively (Ebinger et al., 1989; Hilbert-Wolf et al., 
2017; Hilton et al., 2011). Stage 0 refers to any volcanic material with a crystallization age greater than 8.73 
± .062 Ma. Many sample ages here add to the spatial extent and magnitude of previously identified pulses 
of volcanism (Figures 4) (Fontijn et al., 2012). Adjustments made to the volcanic stages are meant to refine 
the start and finish of each Stage in a way that encompasses all of the new data, while maintaining as much 
continuity as possible to previous geochronology summaries. Dated samples from each stage are displayed 





Ebinger et al. (1993) summarized the rift evolution in the Rungwe area into stages based on radiometric 
geochronology of volcanic activity paired with basin development. These volcanic stages were refined by a 
later summary of the existing geochronology (Fontijn et al., 2012). Here we add an additional stage, Stage 
0, based on the growing cache of dated volcanic materials originating from Rungwe prior to Stage 1. Stage 
1 (between 8.73 ± 0.062 Ma and 3.04 ± 0.04 Ma) consists of expansive basaltic flows, tuffs and ignimbrites 
exposed on the Elton Plateau to the east of major eruptive centers, and in flows displaced by later faults 
north of Mbeya. Stage 2 (between 3.04 ± 0.04 Ma and 1.17  ± 0.10 Ma) activity was primarily basaltic flows 
from the Tukuyu shield and northward flows originating from edifices in the Poroto Range, which have been 
either eroded or obscured by later activity from the Ngozi Caldera. Stage 3 (1.17  ± 0.10 Ma to recent 
activity) consists of flows and deposits that are preserved well enough to map the perimeter and trace to 
an edifice. In Stage 3, focused eruptive activity of volumetric significance continued to build the caldera 
complexes at Rungwe and Kyejo. Significant northward flows originating from Ngozi caldera, or other minor 
edifices along the Poroto Range. The proximal end of these northward flows has been obscured by the 
ejecta of more recent explosive eruptions that shaped the Ngozi Caldera (Fontijn et al., 2010b). In contrast, 
the most recent activity at both Rungwe and Kyejo calderas was effusive, the structure and extent of these 
flows has been mapped in detail (Harkin, 1960). Radiocarbon geochronology of volcanic deposits in the 
field and from lake sediment cores highlight the major explosive eruptions into the Holocene and the 
potential hazard future eruptions may pose to contemporary inhabitants (Fontijn et al., 2012; 2010b). Oral 
accounts of significant effusive eruptions by the indigenous inhabitants of the area are estimated to have 
occurred as recently as 1800 (Harkin, 1960).  
 
Ar-Ar geochronology presented here contributes to a more complete record of volcanism for Rungwe 
Volcanic Province. Initial magmatism that occurred in Stage 0 could indicate local tectonic extension, and 
is therefore an important marker to estimate a continental extension rate, and compare initiation at this 
southern end of the East African Rift relative to Afar/Ethiopia, Kenya, and the Western Branch. Relative 




the Songwe Tuffs (Harkin, 1960). The earliest radiometric ages (basaltic, whole rock K-Ar) reported 
Eocene-Oligocene ages of two volcanic samples (33.11 ± 1.69 Ma, and 41.64 ± 2.08 Ma) (Tiercelin et al., 
1988). These ages were deemed erroneously old by resampling and improved Ar-Ar dating (Ebinger et al., 
1993a; 1989), and would have predated flood basalts associated with initial rifting in Afar and Turkana (F. 
H. Brown and McDougall, 2011; Ukstins et al., 2002). No subsequent geochronology study on Rungwe has 
sampled and reproduced ages in this range.  
3.5.3.2. Propose a New Stage 0 
A new Stage 0 is necessary to encompass the magmatism at Rungwe that predated Stage 1. This proposed 
Stage 0 contains a growing cache of evidence for mafic, felsic, and possibly carbonatite magmatism that 
likely erupted over a significant fraction of the contemporary province. Magmatism in this Stage was also 
present alongside rifting and basin growth (Mortimer et al., 2016; Roberts et al., 2012). The Usangu 
phonolite dome K-Ar dated to 9.2 ± 0.4 Ma that previously defined the commencement of Stage 1 has been 
redefined as belonging to Stage 0 due to its location amongst the Usangu Phonolites (Fontijn et al., 2012; 
Ivanov et al., 1999). There are limitations to performing any statistical analysis on this distribution of ages 
(Figure 5), since preservation and exposure of volcanic materials favors sampling more recent events. 
There is also bias in the geographical distribution samples throughout the province due to accessibility. Yet, 
new evidence expands the possible geographical range of Stage 0 activity, significantly enough to be 
deemed a unique Stage with diverse eruptive composition and numerous events distributed throughout the 
time period.  
 
Valid evidence for eruptions at ~25 Ma and 18-17 Ma have since been published (Ivanov et al., 1999; 
Rasskazov et al., 2003; Roberts et al., 2012). Questions arise about how widespread volcanism was in this 
age range, and how closely it was associated with local extension. The distribution of the Usangu Domes 
do not appear to closely follow the strong tectonic controls that volcanic edifices in later stages do, 
suggesting they are not directly associated with extension (Fontijn et al., 2010a). Two new Ar-Ar dates from 
this study confirm previous Ar-Ar and Rb-Sr eruption ages of phonolites in the basin from 18 to 17 Ma. 




activity. A tholeiitic basalt reported in the Kiwira River in the southwest of the province at 18.56 ± 1.03 Ma 
(Ru-21a) (Rasskazov et al., 2003). These samples bracket the current rift architecture and major eruptive 
centers that emerged in later stages. Interpolation of these points bracket the major stratovolcanoes and 
imply that Stage 0 lavas could have been present throughout a great majority of the province, but have 
subsequently been buried by eruptions in later stages.  
 
Stage 0 (prior to 8.73 ± 0.062 Ma) eruptive activity consists of flows and volcanic ash tuffs of varied 
composition. The Songwe River Basin has sporadically accumulated sediment from sources in the nearby 
Mbozi and Lupa Highlands since the Mesozoic, which are termed the Red Sandstone Group (Roberts et 
al., 2010). The nearby large carbonatite bodies summarized above yielded Jurassic ages that are coincident 
with the age of a population of detrital zircons in the Namba Member of the Galula Formation (Roberts et 
al., 2012; 2007). The Oligocene fossil bearing Nsungwe Formation contains volcanic tuffs that bear detrital 
zircons U-Pb dated between 24.5-27.8 Ma (Roberts et al., 2007), but whose source has yet to be identified. 
Volcanic tuff layers better define the depositional age using pyrochlore bearing a U-Pb age of 24.93 ± 0.49 
Ma and imply that this eruption was of carbonatitic composition (Roberts et al., 2010). U-Pb (SHRIMP) 
dating on Zircon and Titanite, as well as an Ar-Ar date on phlogopite support the conclusion of magmatic 
event(s) between 25.9-24.8 Ma (Roberts et al., 2012). Age determinations of the carbonatite bodies nearby 
yielded no corresponding dates, the volcanic edifice with a corresponding Oligocene age remains 
unidentified. Therefore, the source of these Oligocene tuffs was most likely preferentially lost to erosion or 
obscured by younger volcanic events in the northwest portion of the Rungwe Volcanic Province. 
 
Stage 0 eruptions were not limited to exotic alkaline or carbonatitic compositions. Stage 0 lavas were 
identified as mafic. Another olivine tholeiite (Ru-21A: 18.6 ± 2.0 Ma) comes from the Kiwira River gorge 
West of Tukuyu (Rasskazov et al., 2003). It is unclear if this sample was collected from the distal end of a 
large flow originating in the nascent Poroto Mountains, or from an isolated event of smaller magnitude 




dates from phonolitic domes in the Usangu Basin show that eruptive activity mainly occurred simultaneously 
with basaltic lavas but may have persisted slightly later (Samples R098, R117, Ru-13, -14, -15). 
 
3.5.3.3. Further Refinements to Stages 1, 2, and 3 
Stage 1 (8.73-3.04 Ma) consists of numerous, expansive flows of basaltic and phonolitic materials. The 
largest exposures of Stage 1 flows are on the topographic highs of the Elton Plateau, Poroto Range, and 
Mbozi Highlands and are present in volcanic ash deposits from the Rukwa Basin with the majority of 
samples dated over large areas between the initiation of Stage 1 at 8.73 ± 0.062 Ma and 7.09 ± 0.12 Ma 
(Figures 4 and 5). New ages presented here provide evidence for volcanic activity between 5.45 and 3 Ma, 
bridging the previously perceived gaps between more abundant volcanic activity in Stages 1 and 2, noted 
in earlier studies. The emergence of dated samples in these perceived time gaps justify new definitions of 
the volcanic stages to include all samples. There are unknown volumes of basal flows underlying Rungwe, 
Kyejo, and Tukuyu volcanic fields that later formed within the rift. The U-Pb zircon dated “Pumice Tuff” 
identified in the lacustrine Rukwa Basin is the earliest precisely dated evidence of Stage 1 volcanism at 
8.73 ± 0.062 Ma (Hilbert-Wolf et al., 2017). The location of the Pumice Tuff is ~50 km northwest of any 
identified volcanic edifice in Rungwe, and is beyond the scope of the map in Figure 4 and can likely be 
attributed to effusive activity. The current exposure of Stage 1 eruptive material covers a larger area than 
all subsequent stages combined, yet there are poor age constraints on large portions of this area. Despite 
consisting of over half of the area Rungwe Volcanic Province covers, the original extent of Stage 1 volcanics 
is difficult to estimate and sample. Rungwe, Tukuyu, and Kyejo volcanic fields, that developed in later 
stages, likely superimpose Stage 1 lava flows and edifices (Figure 4). Elsewhere, Stage 1 lava flows are 
either obscured by significant soil or recent ash deposits, leaving exposure only at rivers with significant 
erosion. Despite these obstacles, our targeted sampling and dating of these “older basalt flows” fields 
delineated in geological maps serve to better quantify the distribution of emplacement ages. The K-Ar and 
Ar-Ar data included in this analysis from previous studies serve to better resolve the geographical 





The dates of samples collected on plateaus, bracketing the contemporary rift structure to the east and west, 
show that the great majority of volcanic deposits were emplaced in a short sequence of eruptions (8.87-
7.09 Ma). This narrow range of Rungwe’s volcanic history represents the most geographically widespread 
eruptive phase. Lavas that cap the uplifted Elton Plateau, east of the Karonga Border Fault, were sampled 
in 4 places that yield ages ranging from 7.99 ± 0.07 to 7.699 ± 0.014 (samples R021, R022, R023, R090). 
Published K-Ar ages from samples on the Elton Plateau (samples T13F at 7.25 ± 0.6, and 89-25K at 7.43 
± 0.19) also support, within precision, the rapid sequence of emplacement (Ebinger et al., 1989). The 
apparent lack of volcanic products with ages younger than 7.09 ± 0.12 Ma in these areas support a 
subsequent shift in the location of volcanic edifices and direction of lava flows apparently brought about by 
structural and topographic changes associated with tectonic extension (Figures 4 and 5). Erosion of these 
plateaus due to displacement along border faults, and due to river incision on the distal ends, has exposed 
volcanic products with older apparent ages. One talus boulder at the foot of the Livingstone Escarpment 
(R026 at 8.34 ± 0.18), and a boulder of welded tuff in a river on the extreme southeastern extent of the 
Elton Plateau (R088 at 8.52 ± 0.03 Ma), were exposed by the subsequent erosion.  
 
Two similar mafic lava fields were emplaced during Stage 1 at 8.11 ± 0.1 Ma (R089), and 6.9 ± 0.18 Ma 
(R108). Both of their locations abut the edge of major border faults, more characteristic of volcanic edifice 
placement in later stages, where correlation between fault and eruptive centers has been correlated 
(Ebinger et al., 1989). Both lava fields are lenticular and currently sit on the edge of 800- and 1200-m 
escarpments on the Usangu and Karonga border faults, respectively. These volcanic features appear to 
have been emplaced after displacement along their corresponding border faults had commenced. This 
northern section of the Karonga Border Fault system had initiated at ~20 Ma according to low temperature 
thermochronology (Mortimer et al., 2016), though the extent of the displacement prior to the Mt. Chaluhangi 
eruption at 8.11 ± 0.1 Ma (sample R089) is uncertain. There is little relative motion along the Usangu border 
fault system today (Borrego et al., 2018; Saria et al., 2014; Shillington et al., 2016), although the rift shoulder 
forms a prominent escarpment that appears morphologically young. It is assumed that active extension 




later abandoned for the Karonga, Lupa, and Ufipa fault systems that all have preferential geometry to the 
direction of extension (Delvaux et al., 2012; Saria et al., 2014). Two mafic eruptive centers atop the Usangu 
border fault (samples R107: 6.68 ± 0.14 Ma and R108: 6.9 ± 0.18 Ma) are alike in character and bracket 
the major eruptive activity and fault displacement that defines Stage 1 displacement that occurred within 
eruptive Stage 1. Their similar location, composition, and morphology suggest that tectonic and eruptive 
changes along the Karonga border fault system that define Stage 1 were negligent along the Usangu border 
fault system.  
 
Older basalts to directly west of Rungwe caldera collected from catchment areas that sample flows which 
emanated southwest out of the Poroto Range and the uplifted Mbozi Highlands (fault block) also suggest 
another widespread series of flows that occurred in rapid sequence. Three samples collected here overlap 
in uncertainties (Sample R040 at 7.09 ± 0.12, R042 at 7.15 ± 0.07, R044 at 7.26 ± 0.08). There is no 
structural evidence to support these samples coming from a single edifice since they were collected in a 
catchment area underlain by basement rock. It therefore cannot be discerned from the data collected if 
these samples could have been from the same eruptive event, or just a series of events in geologically 
quick succession. These ages represent a large portion of the Stage 1 basalts that flowed southward or 
westward away from the Poroto Range, from a possible precursor of the Ngozi caldera. The distribution of 
ages for flows on the Mbozi highlands to the west are younger on average than the ages from the Elton 
Plateau samples to the east, even though both are bracketed by ages between 7.09 ± 0.12 Ma and 8.34 ± 
0.18Ma.  
 
Other areas of the “older basalts” were partially or completely covered by subsequent volcanism, especially 
older flows within the rift structure south into the Karonga Basin, and north to Mbeya and the Usangu Basin. 
Dates >8 Ma from tuff deposits in the extreme south of the province (samples 91-UR at 8.60 ± 0.04 Ma, 
and 89-6A at 8.16 ± .04 Ma) suggest that Stage 1 activity extended at least as far south as later Stages 
that are interspersed with sedimentary units in the Karonga Basin. It is plausible that Stage 1 flows 




based on the dates of these samples in the far south of the province. Therefore, a high-end estimate of the 
area of extent of Stage 1 would effectively be as large as the current extent of the entire province today.  
 
A shift in topography and cessation of fault motion left the Elton Plateau and Mbozi Highlands free from 
subsequent effusive volcanism due to their prominence, if it is assumed that eruptive centers in early stages 
were in the same locations as later centers in the Poroto range, Rungwe, or Katete. Lava flows from volcanic 
centers in the Poroto Range and Usangu Basin deserted the east-west flow directions and adopted north-
south flow directions that were better aligned with strike direction of the Karonga border fault system and 
other major intrarift faults. The spatial alignment of more recent volcanic edifices with the strike of the 
Karonga Border fault and parallel intrarift faults, suggest that the two are interdependent (Ebinger et al., 
1993a). A lenticular picrite eruption <1km in diameter occurred in the shoulder of the Usangu border fault 
at 6.68 ± 0.14 Ma, the last magmatic evidence along the Usangu Border Fault. Flows northward from the 
Poroto Range, into the Usangu Basin, occurred near the end of the magmatic pulse of Stage 1 (Two 
samples: R100 at 7.37 ± 0.08 Ma, and T5F at 7.10 ± 0.15 Ma). Only two lavas sampled from the uplifted 
fault blocks yield ages only marginally younger than the magmatic pulse that ended at 7.09 ± 0.12 Ma (Two 
samples R106 at 6.2 ± 0.3 Ma, and 89-27D at 6.33 ± 0.16). Chronology of mapped “Older Basalts” that are 
confined within the Karonga Border fault to the east and Poroto Range to the north are younger than 
samples from the periphery of the province. Sampling within this intrabasinal region yielded four Stage 1 
samples, which are among the youngest that can be defined as Stage 1 (two samples east of the Mbaka 
Fault Zone, T15B at 5.45 ± 0.21 Ma, and 89-12T at 5.52 ± 0.03 and two samples between Katete and the 
Karonga Border fault, R081 at 4.73 ± 0.14 Ma, and R070 at 4.30 ± 0.08 Ma). Based on the proximity of 
samples with ages of 6-3 Ma to Kyejo and Rungwe stratovolcano complexes, it is unclear whether this 
period was actually a relatively quiet period, or preservation is poor due to subsequent activity at Rungwe 
and Kyejo. The areas of “Older Basalts” that are exposed and have been sampled span the transition from 





Sampling for this study focused on early stage volcanism, subsequently no new samples yielded ages 
within Stage 2. Stage 2 (bracketed by dates 3.04 ± 0.04 Ma and 1.17 ± 0.10 Ma) lavas consist mainly of 
the eruptions responsible for building the Tukuyu shield in short succession (three dated samples: 2.29 ± 
0.05, 2.25 ± 0.07, and 2.12 ± 0.04), with at least one sizable flow that erupted significantly later (two samples 
from a southerly lobe: 1.67 ± 0.06 and 1.63 ± 0.06) (Fontijn et al., 2012). Migration of eruptions away from 
the main Malawi border fault to the location of the Tukuyu shield may represent the timing of early 
displacement at the intrabasinal Mbaka Fault that divides the Tukuyu and Kyejo fields. Only three samples 
outside of the Tukuyu shield complex yield ages within Stage 2. All of these samples point to continued 
eruptive activity emanating from the Poroto Range (sample T7A at 2.2 ± 0.2), along the Mbeya escarpment 
(sample T4D at 3.04 ± 0.04), or Katete volcano (sample T11A at 2.35 ± 0.04). No structural evidence 
indicates a defined origin for these samples. A lack of samples from Ngozi, Kyejo, and Rungwe complexes 
with ages in Stage 2 does not necessarily place an upper age limit the early mountain building phases. The 
fact that these complexes did not yield older ages does indicate that the most recent Stage 3 has been 
acutely active with voluminous eruptive events sufficient to cover or obscure earlier activity.  
 
Stage 3 is comprised of well-preserved effusive flows and explosive deposits primarily consolidated to 
Kyejo, Rungwe, and Ngozi calderas, with copious minor edifices throughout the province. Mapped flows 
throughout the province are likely all contained within Stage 3. Stage 3 also contains all samples found to 
have significantly elevated 3He/4He present in its phenocrysts, 1.17 ± 0.10 Ma and younger. A large 
proportion of these minor edifices, assumed to have erupted over the last ~1 Ma, align along intrabasinal 
faults. The great majority of eruptive events recorded in Stage 3 are between 0.57 ± 0.01 Ma (sample T5K) 
and present (Figure 5). This volcanic pulse is of a magnitude that rivals that of Stage 1, although the 
character of eruptions appears to be more explosive and focused than that of Stage 1. Significant effusive 
eruptions have deposited lava fields with detectable perimeters. Three extensive basaltic flows emanated 
northward from Ngozi, or a predecessor in the Poroto Range (sample T5K at 0.57 ± 0.01 Ma). Major building 
and collapses of caldera walls at Rungwe and Kyejo have created series of basaltic rubble fields. The most 




exposed by river erosion along the western margin of the province. Exposure along this western margin, 
aided by a deeply incised river canyon, yields four ages that range from 0.28 ± 0.08 to recent and 
overlapping the radiocarbon record. Radiocarbon dated ash and pumice deposits of explosive eruptions 
from Ngozi and Rungwe have been meticulously documented (Fontijn et al., 2010b; 2011; 2008). Several 
minor monogenetic cones with preserved edifices exist within the modern architecture of the volcanic 
province. South of Tukuyu and Kyejo, several crater lakes populate the region, the remnants of explosive 
volcanic events. These natural lakes accumulate sedimentary records about past eruptions in the region. 
A stratigraphic reconstruction of the recent eruptive history has been documented from cores acquired in 
lakes that occupy these volcanic craters, as well as from Lake Malawi (Lyons et al., 2011). Numerous 
geothermal springs that expel economic quantities of CO2 are evidence of persistent subsurface magmatic 
activity (Barry et al., 2013; H. Lee et al., 2016).  
 
Noble Gas isotopes possess a unique ability to distinguish asthenospheric from lithospheric mantle melt 
sources (Gautheron and Moreira, 2002; Graham, 2002a; Hilton and Porcelli, 2014b). The 3He/4He from 
olivine and clinopyroxene phenocrysts from Rungwe samples yielded 5 of 54 samples with distinctly 
elevated 3He/4He between 10-15 R/RA (10-15 times the ratio of air) (Hilton et al., 2011). These samples 
with elevated He isotopes are all younger than 1.17 ± 0.10 Ma, signifying that deep asthenospheric 
contributions to Rungwe melts were limited to Stage 3 activity (Figure 6). Few 3He/4He measurements 
yielded values from a lithospheric source, signifying only a minor role of the lithosphere in petrogenesis 
(Halldórsson et al., 2014).  
 
3.5.3.4. Ages and Uplift – Comparison of Eruptive Geochronology to Basin Chronology  
Evidence of tectonic motion, independent of the eruptive history around the Tanzania Craton, shows that 
this region south of the Tanzania Craton has experienced periods of extension, uplift, and erosion since the 
Carboniferous. The current magmatic episode at Rungwe can be viewed as the most recent product of a 
long history of extension. Detrital apatite thermochronology from the Congo Basin record significant 




Cretaceous (Kasanzu et al., 2016). Karoo group deposition in the region serves as evidence for an 
extensional phase throughout the Mesozoic (Delvaux, 2001). The association between basin deposition 
(from extension) and magmatism is stronger with revised ages of carbonatite bodies. Even though 
constraints from geochronology are sparse in these Karoo deposits, magmatism and deposition in other 
Karoo basins are more firmly linked (Jourdan et al., 2008). Although the Tanzania Craton was not near the 
continental margin at the time, these events are broadly linked to the significant periods of the breakup of 
Gondwana. Thermochronology from the Malawi and Rukwa basins surrounding Rungwe record cooling 
and denudation events at 200-250, ~150, and 40-50 Ma (Van der Beek et al., 1998).  
 
The question of when extension commenced in the Southern East African Rift becomes rather simplistic 
when it is understood that no unperturbed or stationary tectonic regime existed before rift initiation. Uplift of 
the Lupa and Mbozi Highlands, the Elton Plateau, and Poroto Range where Rungwe volcanics are presently 
situated within the current rift architecture had already reversed the flow of rivers and closed the Rukwa 
basin off from an outlet to the sea by 25 Ma (Roberts et al., 2012). This geomorphological change to the 
landscape was accompanied by the earliest evidence of volcanism originating from Rungwe. Accelerated 
uplift and exhumation along a border fault system in the Livingstone Range commenced at 23 ± 3 Ma in 
isolated northern and southern segments, the linking of these segments accelerated uplift to form the 
prominent escarpment observed today (Mortimer et al., 2016). These age estimates contrast with other 
studies that conclude that border fault formation and deposition occurred later than Stage 1 magmatism at 
Rungwe. Age estimates of the Karonga basin based on depositional models favor a younger age of 
initiation. Estimates of initial displacement along the major Karonga border fault (Figure 1), are between 7.6 
and 5 Ma (Ebinger et al., 1993a; 1989). Maximum age of depositional centers in northern and central Lake 
Malawi (Nyasa) are ~4.6 Ma, based on revised age models of 2d seismic images (McCartney and Scholz, 
2016).  
 
Although comparatively little about the timing of rift activity and basin sediment accumulation in the Usangu 




rifting (Mbede, 2002), sediments lower in this stratigraphic section may be from older extension events. The 
direction of extension since the Miocene must have preferred to activate NNW-SSE striking faults that 
bound the Rukwa and Karonga basins over the orientation of faults in the Usangu Basin (Delvaux et al., 
2012; Stamps et al., 2014).The Usangu Basin maintains morphologically young rift shoulders to the north 
and south despite evidence for only limited fault displacement and basin infill. 
 
3.5.3.5. Comparison to Temporal Patterns of Magmatism in the Whole East African Rift 
A clearer and more complete magmatic record along the East Africa Rift is vital to geodynamic 
reconstruction of how this system, and continental rifts in general, propagate. Thermochronology data has 
revealed a phase of rift-related erosion and deposition 65-50 Ma on the Eastern margin of the Tanzanian 
Craton with no evidence of associated magmatism preceded the current magmatic phase of rifting (Torres 
Acosta et al., 2015). The geochronology compilation presented here from multiple studies at Rungwe 
provides a characteristic pattern in which to compare to other rifted margins of the Tanzania Craton. At 
Rungwe, some limited magmatism emerged between the active extensional Songwe River Basin and 
Karonga Basin at 25 Ma (Roberts et al., 2012), but only at ~9 Ma did magmatism proliferate and extension 
accelerate (Ebinger et al., 1989; 1993b). A similar gap between early magmatism and accelerated 
extension apparent at Rungwe has been observed in the magmatic region on the Western Branch of the 
EAR near Lake Kivu (Figure 1). Evidence for eruptions at 21 Ma precede the high-volume magmatism 
associated with accelerated extension at ~12 Ma (Pouclet et al., 2016). The Quaternary magmatism in Toro 
Ankole, Uganda (Bunyaraguru and Ketwe-Kikorongo lava fields; Ndale Fort Portal, and Kasekere 
carbonatites) (Figure 1), may be the closest analogue to the style of this early magmatism (Boven et al., 
1998; Eby et al., 2009). Volcanic occurrences along the EAR in Uganda may therefore precede a future 
area of significant extension and magmatism in the Western Branch.  
 
Elsewhere in the East African Rift, thick magmatic cover obscures any evidence of possible small-scale 
precursor magmatism. The earliest known rift-related magmatism occurred in the Turkana Depression 36-




that rifting initiated along with early pulses of magmatism (McDougall and F. H. Brown, 2009). Volcanic 
remnants of a LIP episode in Afar and Yemen occurred 30.9-29.2 Ma (J. A. Baker et al., 1996), these 
deposits were subsequently separated by the development of a conjugate margin (Ukstins et al., 2002).  
 
3.6. Conclusions 
The crust and lithosphere underlying Rungwe Volcanic Province has experienced significant and prolonged 
periods of tectonic motion that have resulted in at least two prior magmatic events. Andesites of the 1674 
± 15 Ma Buanji Group contain the chemical and structural hallmarks of magmatism from an arc collision  
(Figure 1) (Kasanzu et al., 2017; Manya, 2013). Re-evaluated ages of two carbonatite bodies at 169 ± 0.6 
Ma and 154.4 ± 0.9 Ma provide constraints to late stage Karoo Supergroup extensional activity, especially 
after the LIP emplacement event between 184-181 Ma (Jourdan et al., 2008). The ages and location of 
volcanic activity also potentially share a link between late-stage Karoo-related magmatism extending from 
South Africa to Malawi, and later tectonic-controlled alkaline activity throughout south-central Africa (Moore 
et al., 2008).  
 
Additional geochronology on eruptive products of the Rungwe Volcanic Province serve to create a more 
complete volcano tectonic history that can be divided into two major parts by the initiation of Stage 1 defined 
here at 8.73 ± 0.062 Ma (Hilbert-Wolf et al., 2017). Additional samples that date prior to Stage 1 show that 
volcanic products from this period were compositionally diverse, now including both mafic and felsic 
samples, and very likely a carbonatite at ~25 Ma. The eruptive centers were not limited to a small spatial 
area, yet did not appear to erupt significant volumes. Multiple samples from Stage 1 overlap within their 
uncertainty, and can be interpreted as single or rapid series of eruptive events larger than any produced 
since. The eruptive activity of Stage 1 coincided with accelerated fault displacement, uplift, and basin 
sediment accumulation, suggesting that this volcanic stage, and subsequent stages 2 and 3 are tectonically 
controlled at least in surface expression (Figure 4) (Fontijn et al., 2012). The timing and character of eruptive 
activity is similar to the volcanic region around Lake Kivu, which shares a long period of low-volume 




containing significantly elevated 3He/4He are limited to the past 1.17 ± 0.1 Ma at Rungwe, indicating a more 
significant role of a deep mantle melt source (Figure 6). Newly refined age data support a prolonged period 
of volcanic activity prior to the pulse of volcanism ~9Ma, and a more continuous record of eruptive activity 

































Figure 1. Left: Extent of Cenozoic magmatic emplacements, lakes, and major faults of the East 
African Rift system with major regional names labeled. Volcanic provinces colored by Geologic 
Period of eruption after (Thiéblemont, 2016). Right: Geological map of the Rungwe Volcanic 
Province and surrounding region of southwest Tanzania and northern Malawi. Regional names 
and major volcano stratigraphy of D.A. Harkin (1960), major faults after Ebinger et al. (1989) with 






Figure 2. Step heating %39Ar release spectra and isochron correlation diagrams. Samples R117 
and RNG-19 displayed. The R117 age evaluation consists of a step-heating experiment with 16 
heating steps. Each experiment is of a multi-grain aliquot, both aliquots are evaluated individually 
for integrated and plateau ages on the %39Ar release spectra plot above. Plateau heating steps are 
combined to result in one isochron age in the inverse correlation diagram below. RNG-19 age 
evaluation consists of step-heating a single multi-grain aliquot of irradiated matrix material (red), 
and two multi-grain aliquots completely degassed in one step (total fusion). A and C: Samples 
R117 and RNG-19 integrated and plateau ages with 1-s uncertainties and accompanying statistics 
of percent uncertainty, MSWD, and number of steps utilized in the plateau, all displayed on the 
%39Ar release spectra plot for laser heating steps. The Ca/K ratio, %40Ar*, and apparent age (1-s 
uncertainty for each step is represented as box height) are displayed. B and D: Samples R117 and 
RNG-19 inverse isochron correlation diagram of steps, isochron age and accompanying statistics 
below. For criteria and further description on which age is preferred to report, see supplemental 






Figure 3. Composite isochron correlation diagrams. A: Panda Hill composite isochron age using 
samples R005 and R007. B: Mpoli Hill composite isochron age using samples TAZ09-2 and RNG-
19. Isotopic abundance data for each step contributing to the isochron are included in 












Figure 4. Chronological Stages of eruptive activity at Rungwe Volcanic Province. The 
geographical distribution of samples with radiometric ages from this study (Ar-Ar), paired with 
published K-Ar, Ar-Ar, Rb-Sr, U-Pb, and Radiocarbon (Ebinger et al., 1993a; 1989; Fontijn et al., 
2013; 2010b; Hilbert-Wolf et al., 2017; Ivanov et al., 1999; Rasskazov et al., 2003; Roberts et al., 
2012; 2010). Two U-Pb ages from tuffs collected in the Rukwa Basin that fall outside the mapped 
region are displayed in the upper corner in Stage 1 panel. Labeled ages for the radiocarbon dated 
volcanic deposits (red diamond) were removed for clarity, ages span from 11 ka to 0.5 Ka and are 





Figure 5. Distribution of absolute radiometric ages of volcanic samples (1s uncertainties shown 
here, even for ages published with 1s uncertainties). Ar-Ar ages from this study, combined with K-
Ar, Ar-Ar,  Rb/Sr, U/Pb and radiocarbon ages from previously published works (Ebinger et al., 
1993a; 1989; Fontijn et al., 2013; 2010b; Hilbert-Wolf et al., 2017; Ivanov et al., 1999; Rasskazov et 
al., 2003; Roberts et al., 2012; 2010). Three volcanic stages delineated from prior summaries on 
Rungwe Volcanic Province (Fontijn et al., 2012). Vertical stippled line at 8.73 Ma indicates the 
onset of eruptive Stage 1, concurrent with accelerated uplift and sedimentation at the Rukwa and 
Karonga basins. Inset is an expanded view of dated samples from volcanic Stage 3, which spans 





Figure 6: Ar-Ar crystallization age of Rungwe flows that have yielded 3He/4He > 10 (R/Ra, or the 
3He/4He of the sample compared to the 3He/4He of atmospheric air). Samples selected for dating all 
plot definitively above accepted fields for Lithosphere (6.1 ± 0.9 ) and MORB (8 ± 1) (Gautheron 







3.8. Supplementary Figures 
 
Electronic supplementary file “Ch3_SuppPlots_ArIsochronStepPlot.PDF” contains a step heating 
spectra plot and isotope correlation diagram for each of the original analyses. The plots are used 































































































































































































































































































































































































































































































































































































































































































































































































































































Table 1. Age determinations and uncertainties. Rock type (as identified in the field), coordinates, 
dating method, and heating device all accompany the age result for each sample. Published 



































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































Table 2. Compiled published geochronology. Coordinates in red text have been estimated by map 
overlay georeferencing, and carry higher uncertainty than others (See text). Sample age under 























Table 3. (Electronic Supplement File “Ch3_SuppTable_ArData.xlsx”) Run data used for age 
determination. Table includes the variables and uncertainties necessary for independent 






Chapter 4: The Source of Magmas Under a Continent During Early Stage Rifting: 
Chemical and Isotopic Fingerprinting at Rungwe Volcanic Province 
 
4.1. Introduction 
4.1.1 General Mantle Convection, Hotspots Formed by Mantle Upwellings 
Volcanoes are a dramatic, final surface expression of heat transfer from Earth’s interior to the surface. 
Some of this heat can be effectively transported to the surface through convection, where anomalously 
hot mantle parcels rise because of density contrast, termed mantle plumes (Morgan, 1971). When mantle 
plumes reach an overlying tectonic plate they interact with it, generate topographic swells on the surface, 
and can create melt that escapes the mantle as volcanoes at the surface (Phipps Morgan et al., 2004). 
Geological indicators of topographic swells are observed through erosional records in sedimentary basins 
for the presence of plumes in the past, and direct geomorphological measurements for currently active 
plumes (Saunders et al., 2007). Ocean Island chains, with age-progressive volcanism in the direction of 
plate motion, were theorized to be the volcanic products of melts produced by mantle plumes from the 
onset of modern plate tectonic theory (Wilson, 1963b). While the Hawai’ian Island chain and others like it 
in the Pacific Ocean are the most dramatic examples, these mantle-derived anomalies emerge without 
regard for the overlying plate and thus are just as likely to impinge upon the base of continental 
lithosphere as they are in the oceans.  
 
Beyond first-order observations of topography and geography of ocean-island chains, evidence for whole-
mantle convection and mantle plumes is firmly based in geophysical observation and theoretical 
modeling. Chemical and isotopic heterogeneities in the mantle, sampled at volcanoes attributed to 
plumes, provide tangible evidence of these perceived anomalies detected by seismic models. Anomalies 
within the mantle are observed with higher resolution with constantly improving seismic networks and 
data processing techniques. Seismic tomography has captured numerous and varied mantle anomalies 




Montelli, 2004; Montelli et al., 2006), as well as slabs penetrating the transition zone into the deep mantle 
(Grand et al., 1997; van der Hilst et al., 1997). The detailed dynamics of these mantle anomalies, and 
their long-term communication with the surface are still a matter of debate  (French and Romanowicz, 
2015; Nolet et al., 2007; Steinberger and Torsvik, 2012). In a well-mixed asthenosphere, no isotopic 
heterogeneities should be observed today, yet physical modeling has shown how mantle anomalies could 
persist despite long-term vigorous mixing in the mantle (M. G. Jackson and Carlson, 2011; M. G. Jackson 
et al., 2010).  
 
Although volumetrically minor on the earth’s surface, alkali-basalts are a crucial factor in the discussion of 
plumes as they represent some of the highest-pressure and therefore deepest sourced melts (D. H. 
Green and Ringwood, 1967). Volcanoes in intra-plate tectonic settings form the basis of geochemical and 
isotopic debate around the nature and variability of plumes, since mantle melting at mid-ocean ridges and 
in subduction zone tectonic environments can be explained by other processes. The volcanic products 
from intra-plate tectonic environments are thought to most directly represent the melt produced from 
upwelling mantle plumes. However, the melt produced by plumes is seldom free from influence by the 
lithosphere and crust which it passes through. Oceanic intraplate volcanoes pass through younger, melt 
depleted lithosphere, and thinner basaltic crust to erupt. These characteristics of the oceanic lithosphere 
and crust minimize susceptibility to modification of original plume-derived melts. Geochemical corrections 
are far easier to implement on oceanic crust and lithosphere because of their predictable and nearly 
homogeneous composition when compared to the variations observed in the continental environment. 
Continental crust and lithosphere possess characteristics that more strongly impact the composition of a 
‘pristine’ plume-derived melt. The thickness of continental crust is on average 6 times that of oceanic 
crust (Christensen and Mooney, 1995). Continental lithosphere can be much older than ocean 
lithosphere, allowing more time for compositional heterogeneities to develop. Continental crust exhibits 
far more variability in composition than oceanic crust, due in part to the diverse ways it can be created 





Asthenospheric melt is more susceptible to chemical and isotopic modification in continental tectonic 
environments. This is due to the complimentary enrichments and depletions of certain elements in the 
continental and oceanic crust (Hofmann, 1988). These modifications can mask the original composition of 
the asthenospheric component, making identification of the asthenospheric versus lithospheric sources 
by sampling their volcanic products more difficult. Mantle melts that traverse through continental 
lithosphere need only to assimilate small physical amounts for their chemistry or isotopic fingerprint to be 
significantly altered (Langmuir et al., 1978b). The chemically distinct source contributors to a volcanic 
deposit on the surface can be impossible to parse without prior knowledge of the unmixed components, 
especially when there are more than two components (Turrin et al., 2005). The continental lithosphere 
can reach greater depths, and persist longer than oceanic lithosphere (Rudnick et al., 1998; Rudnick and 
Nyblade, 1999). Time allows existing heterogeneities to become more extreme, and allows for more 
heterogeneities to be introduced by plate-plate and lithosphere-asthenosphere interactions. Some 
continental lithosphere may attribute its formation to melt at the head of a mantle plume upwelling (Stein 
and Goldstein, 1996), or processes other than subduction (Johnson et al., 2017).  
 
4.1.2. General Alkali-Basalts 
Alkali-basalts are extrusive rocks defined by the IUGS classification as possessing major element 
chemistry that is basic or ultrabasic (<52 wt% SiO2), and greater (K2O+Na2O) than basalts (>5wt% 
K2O+Na2O) and pico-basalts (>3wt% K2O+Na2O) (Le Bas et al., 1986). When defined this way, alkali-
basalts are a generalized term for trachy-basalts (hawaiites and potassic trachy-basalts), basanites, 
nephelinites, tephrites, and foidites including normative melilitite-bearing compositions (Le Bas and 
Streckeisen, 1991). Continental rift volcanoes, along with intraplate volcanoes in continental and oceanic 
environments, are the main production centers of alkali-basalts. General characteristics of alkali-basalts 
include silica-undersaturation (non-quartz normative), highly-enriched volatiles and incompatible trace 
elements. Silica-undersaturation and enriched volatile carbon species are likely interrelated as has been 
revealed by experimental petrology (Hammouda and Keshav, 2015; Luth, 2014). Enriched incompatible 




crystallization scenarios (DePaolo, 1981; Shaw, 1970), but in most cases require melt additions from 
source components more highly enriched than normal peridotite mantle. Recycled oceanic crust (and 
sediments) from the asthenosphere or metasomatized lithospheric veins are two hypothesized additives 
that could enrich the incompatible trace elements appropriately, while maintaining a high melt fraction 
(Edgar, 1987; Pilet, 2015). 
 
Silica-undersaturation and high volatile concentrations (more particularly volatile carbon) have been 
shown experimentally to be interrelated. The mantle hosts large reservoirs of heterogeneously distributed 
carbon (and water), despite being composed of nominally anhydrous minerals (Dasgupta, 2013; Frezzotti 
and Touret, 2014; Hirschmann, 2009; Ni and Keppler, 2013). Carbon in the mantle can be treated like an 
incompatible element upon melting with a bulk partition coefficient similar to incompatible elements Ba or 
Nb (Rosenthal et al., 2015). Fluids in the mantle prior to silicate melting are approximately equal in 
composition to erupted carbonatites found at the surface (Weiss et al., 2011; 2009). These carbonatite 
fluids exsolve from upwelling asthenospheric mantle well before meeting the peridotite solidus (Dasgupta 
and Hirschmann, 2007; Herzberg and Asimow, 2015; Hirschmann, 2000; Katz et al., 2003). In this way, 
carbonatite melt can be considered the precursor to silicate melting in all environments, and seemingly 
volatile-free silicate melts possess a high enough melt fraction to effectively dilute the original volatile 
portion (Dasgupta and Hirschmann, 2006; Dasgupta et al., 2013b). Following this thinking, melts with a 
low partial melt fraction and high-CO2 (or other volatile concentration) are silicate-melt restricted rather 
than carbonated-melt enhanced. High-CO2 melts also possess different physical properties than their 
silica-saturated counterparts, namely a lower viscosity (Kenney-Benson et al., 2014). Some petrological 
experiments exploring the melt characteristics of a carbonated peridotite suggest that continuous 
gradations from basalt to pure carbonatite can be explained by varying the amount of carbon in the melt 
source (Gudfinnsson, 2005). More detailed carbonated experiments show that the degree of silica 
undersaturation in alkaline melts scales linearly to the concentration of CO2 in the melt (Dasgupta et al., 
2007b), particularly above 2GPa and at a wide range of temperatures (Dasgupta et al., 2013a). 




major element chemistry variation observed in ocean island basalts (Dasgupta et al., 2010). Petrological 
experiments have quantified the proportions of these carbonated eclogite and peridotite endmembers to 
produce melt compositions that resemble a HIMU source (Mallik and Dasgupta, 2014).  
 
4.1.3. General Basement Geology and Geological History – EAR 
The East African Rift is a >4000 km long and narrow system of active continental rift segments that 
exhibits elements from all of the hallmarks of classical plate tectonics (Figure 1). Its northernmost 
extension in Afar meets the mid-ocean ridge spreading centers of the Red Sea and Gulf of Aden. Early 
tectonic theorists made this first-order observation and concluded that continental rifts were the precursor 
to oceanic spreading centers (Heezen, 1969). Despite its textbook rift morphology in many areas (B. H. 
Baker et al., 1972), the East African Rift (EAR) system displays sharp contrasts in both crustal fault 
architecture and magmatic expression. The first, is the variability of apparent volcanism. The northern and 
eastern branches of the EAR have experienced profuse volcanism, while volcanism on the western 
branch is restricted to four point sources at the ends of long (100km) rift segments (McConnell, 1972). 
Much of the rift has propagated along suture zones of Proterozoic orogenic crust (Daly et al., 1989). 
Preexisting structures in the crust and lithosphere are thought to provide a framework pathway of least 
resistance for the current rift architecture to propagate (Corti et al., 2007; Ring, 1994). Geodynamic 
models predict that strong and cold lithosphere should resist rupture by extensional forces without the 
assistance of extensive magmatic intrusion (Bialas et al., 2010; Buck, 2006; 1991). Recent kinematic 
models confirm that regions divided by the EAR act as separate tectonic plates, diverging at rates equal 
to slow-spreading mid-ocean ridges segments (Stamps et al., 2014; 2008), and that lithospheric 
buoyancy forces are sufficient to maintain but not to initiate spreading at these rates (Saria et al., 2014).  
 
Critical information about the crust and lithosphere in the EAR region has come from extensive focused 
and regional seismic studies and from geological and geochemical investigations. Pre-rift crustal and 
lithospheric thicknesses implied from regional models appear to be thicker than average crust and 




material (Chorowicz, 2005; Pasyanos and Nyblade, 2007). The crust along the nearly amagmatic western 
branch is thick and brittle, capable of supporting brittle deformation to great depths (~40km) (Camelbeeck 
and Iranga, 1996; J. A. Jackson and Blenkinsop, 1993), implying a cold, mafic lower crust (Figure 1) 
(Nyblade and Langston, 1995). A high-resolution teleseismic model constructed using the SEGMeNT 
seismic deployment estimate crustal thickness to 39 ± 5 km within the boundaries of the Rungwe Volcanic 
Province based on four seismic stations, and surrounding Proterozoic terranes between 38 and 42 km 
from the broader seismic network (Borrego et al., 2018). Tomographic models display large contrasts in 
lithospheric depths over short distances. Cratonic lithosphere under the Tanzanian craton and Bangweulu 
block reach depths of ~150km, while EAR-related lithospheric depths range from 70-100 km in the 
western branch and as shallow as 50km in the eastern branch (Adams et al., 2012; Grijalva et al., 2018; 
O'Donnell et al., 2013; Ritsema et al., 1998).  
 
The strongest evidence for the timing of plume arrival are dates of the earliest flood basalts of both the 
Turkana depression (~35Ma) and Afar (~30Ma) (J. A. Baker et al., 1996; F. H. Brown and McDougall, 
2011; Ukstins et al., 2002). The most intense period of lithospheric erosion and thinning likely coincided 
with plume impingement (Herzberg and Gazel, 2009), but must have been sustained through additional 
upwelling material in the interim 30 my. The Tanzanian craton is nearly enveloped by rifting seismicity 
and magmatism, hot upwelling mantle is believed to be colliding with the underlying cratonic keel 
(Nyblade et al., 2000; Weeraratne et al., 2003). The asymmetric position of upwelling material with 
respect to the thick Archaean Tanzanian Craton could explain the contrast in magmatism prevalence 
between the eastern and western branches of the rift (Figure 1) (Koptev et al., 2016; 2015). 
 
4.1.4. General EAR Basalts – Superplume and LLSVP Origins 
The volcanoes and seismic activity of the EAR occur along the northern portion of a larger topographically 
high province that evidence shows to be elevated isostatically by the underlying convecting mantle. 
Residual elevation and bathymetry observations reveal a topographically high province spanning Eastern 




(Nyblade and S. W. Robinson, 1994). Tomographic imaging of the convecting mantle between the 
transition zone and the base of the continental lithosphere also reveal a province purported to be 
anomalously hot and/or compositionally distinct (Hansen et al., 2012). Thermometry based on EAR melt 
chemistry also suggests that the underlying convecting mantle is an anomalously hot melt source 
(Rooney et al., 2011). There is a growing body of evidence that large low S-wave velocity provinces 
(LLSVPs) in the deep mantle continuously supply most plumes volcanoes (Torsvik and Burke, 2015; 
Torsvik et al., 2006). Major volcanic episodes of eastern and southern Africa align quite well with the 
continent’s past geospatial positions over these deep mantle provinces, assuming that LLSVPs are long-
lived in a fixed position (Burke et al., 2008; Madrigal et al., 2017; Steinberger and Torsvik, 2012).  
 
4.1.5. Volcanic Chemistry  
Volcanic expression varies widely along the EAR and elicits questions of magmatic source, global plume 
dynamics, and the role of magmatism in tectonic extension. The largest magmatic flood basalt provinces 
center in the Afar region and the plateaus of the Main Ethiopian Rift to the Turkana Depression. Here, 
three distinct pulses of flood basalt volcanism between 45 and 22Ma, with a total estimated volume of 
350-720*103 km3 encompass the Afar and Ethiopia plateaus, western Yemen, and the Turkana 
depression (Figure 1) (B. H. Baker et al., 1972; Rooney, 2017a). The melts emplaced in these episodes 
fall into three chemically and isotopically distinct groups: 1. Incompatible trace element depleted, 
unradiogenic high-volume magmas, 2. Widespread, low-volume OIB-type lavas with highly concentrated 
incompatible elements, anomalously high TiO2, CaO, MgO, and HIMU-like Pb isotopes, 3. Moderately 
enriched trace element and isotopically diverse group that is voluminous and widespread (Rooney, 
2017a). Each of these groups have been described as uniquely mixed contributions of local continental 
lithosphere and thermo-chemically anomalous upwelling asthenospheric material sourced from a single 
plume (Castillo et al., 2014; Ebinger and Sleep, 1998; Halldórsson et al., 2014), or as multiple unrelated 
plumes (George and Rogers, 2002; Pik et al., 2006; Rogers, 2006; Rogers et al., 2000), or as chemically 
diverse manifestations of a common mantle anomaly (Furman, 2007b; Furman et al., 2006; Meshesha 




above ambient mantle, and melt depths that are significantly shallower in the rift structure than for 
volcanoes outside the rift shoulders (Ferguson et al., 2013). Temperatures have remained elevated 
throughout the Cenozoic eruptive history, and the lithosphere has thinned from 100 to 50 km in the last 
35Ma (Armitage et al., 2015). 
 
Extension in northern portions of the EAR, the Main Ethiopian Rift (MER) and the Afar depression is 
primarily accommodated by extensive and voluminous magmatic intrusions instead of by tectonic 
stretching, which may indicate a transition from continental extension to seafloor spreading (Rooney et 
al., 2014a). The timing of this transition in the northern EAR was significantly delayed when compared to 
the opening of the Red Sea and Gulf of Aden (Wolfenden et al., 2004), which form the other two branches 
of the all-rift triple junction. The Eastern and Western EAR branches contrast in magmatic and seismic 
expression,  despite their nearly identical divergence rates (Stamps et al., 2008; 2018). The Western 
branch extends tectonically, creating deep elongated depositional centers, but only punctuated magmatic 
provinces. Mechanical strength and lithospheric thickness of the Tanzania Craton was able to transmit 
stress to relatively weaker crust beyond its margin without yielding (Nyblade and Brazier, 2002). The 
Eastern branch has produced massive outpourings of flood basalts of varied compositional and eruptive 
nature with only low magnitude and shallow seismicity.  
 
A transition point for the chemistry of magmas in the EAR occurs around the Turkana Depression from 
one main branch through the Ethiopian Plateau to two south-reaching branches encircling the Tanzanian 
Craton, which is uplifted to an equally prominent plateau of (>1100m) and termed the Kenya Dome (or 
East Africa Dome) (Figure 1). Patterns in magmatic chemistry of the Eastern and Western branches can 
be classified by distance from the central Tanzanian Craton. Primitive melts in close proximity to the 
cratonic lithosphere originate from greater depths and show signs of assimilation of metasomatic 
phlogopite and carbonate, resulting in higher K/Na ratios and low-Ni olivine fractionation than melts 
farther from the craton (Foley et al., 2012). Volcanic provinces in the Western branch display stark 




Sr vs Nd Isotope variation) point to melt assimilation/interaction with metasomatized cratonic lithosphere, 
which experienced a broad enrichment event at ~1Ga (Furman, 2007b; Rogers, 2006). Uganda’s potassic 
silicate and carbonatitic volcanoes of Toro-Ankole, Ndale Fields, and Fort Portal appear to be the most 
heavily influenced by these cratonic metasomes (Boven et al., 1998; Eby et al., 2009; Tappe et al., 2003). 
Virunga’s range of compositions from highly potassic to more common basalts represent a transition off 
the craton edge, or melt volumes and durations sufficient to exhaust the metasomatic agents in the 
lithosphere. The volcanic chemistry of South Kivu and Rungwe are generally high-alkali nephelinites, 
basanites, and basalts but have low K/Na, characteristic of off-craton melting with higher melt fraction and 
shallower equilibration depths than those of Toro-Ankole and segments of Virunga (Chakrabarti et al., 
2009; Furman, 2007a; Rogers, 2006). Volcanic centers of the Eastern branch transition from deep, low 
degree alkali enriched silicate melts with strong metasomatic influences to less extreme mafic 
compositions at a gradual rate when compared to the western branch. This difference is due to the 
quantity of volcanic centers that are erupting greater volumes over wider areas along the Kenya Rift 
system. Nonetheless, the influence from metasomatized cratonic lithosphere is most prevalent in 
volcanoes that encroach on the craton (Labait, Hanang, Pello Hill, Kisingin/Wasaki) and at the craton 
edge (Lashaine, Mt.Elgon, Napak, Lodwar) than in off-craton volcanoes located in the Central Kenyan Rift 
structure or East of the rift structure away from the craton (Mt.Meru, Kilimanjaro, Chyulu Hills, Mt. Kenya, 
Samburu Hills, Marsabit, and Huri Hills) (Foley et al., 2012).  
 
4.1.6. General Basement Geology and Geological History – Rungwe 
The continental architecture upon which the Rungwe volcanic pile is emplaced provides some key 
insights into the type and severity of the influences the lower crust and continental lithosphere could have 
imparted on Rungwe melts (Figure 2). Rungwe Volcanic Province exists at the intersection of two 
Proterozoic orogenic belts that were built up through a long succession of accretional events. The 
Ubendian orogenic belt was constructed by a succession of collisions between 2.6 and 1.87Ga, from at 
least partly Neoarchean crust (Kazimoto et al., 2014; Tulibonywa et al., 2014). The Usangu orogenic belt 




southeastern) outer edge of the proto-Tanzanian Craton (Manya and Maboko, 2016; Möller et al., 1995; 
Reddy et al., 2003). Basaltic andesites of the 1.67Ga Buanji Group mark the last traceable evidence of 
tectonic convergence through subduction in the region (Kasanzu et al., 2017; Manya, 2013). Both the 
Usangu and Ubendian terranes were intruded and metamorphosed throughout the Pan-African orogenic 
period (Boniface and Appel, 2017; Lenoir et al., 1994; Thomas et al., 2016). This long period of 
compressional tectonics has left an intricate patchwork of crustal and lithospheric chemistries for the 
parental Rungwe melts to interact with. Since the Carboniferous, this area has experienced multiple 
phases of tectonic extension, erosion, sediment accumulation (Kasanzu et al., 2016). Carbonatite bodies 
were emplaced at 169.0 ± 0.6 Ma and 154.4 ± 0.9 Ma (Chapter 2), deposits of which accumulated in 
sediment basins during a presumed period of tectonic extension (Roberts et al., 2012; Woolley, 2001).  
 
An early comprehensive survey of the geology of the Rungwe Volcanic Province was commissioned by 
Britain in the 1950s. This included aerial photography and extensive field exploration, which resulted in 
geochemical and petrographic analysis of volcanics throughout the region. The role of nearby 
carbonatites, or their sub-crustal contaminants, in the petrogenesis of Rungwe magmas was already 
suspected. Carbonatitic assimilation by Rungwe parental magmas was used to explain three 
distinguishing characteristics of Rungwe lavas: 1. Silica-undersaturation and relative abundance of CaO 
in the mafic lavas over conventional basalts. 2. Large relative proportion of erupted late differentiates. 3. 
The highly-explosive nature of eruptions, presumably from excess CO2 (Harkin, 1960). High Nb content in 
the differentiated rocks was also inspected to consider the genetic relationship between Rungwe lavas 
and nearby Nb ore-bearing carbonatites (Harkin, 1960). 
 
Comprehensive petrographic study of mineralogy and textures reveal characteristics typical of an alkali-
rich olivine basalt province. The silica-undersaturated nature of the entire suite commonly yield olivine, Ti-
rich augite, Fe-Ti-oxides, and occasionally nepheline, melilite, and chance occurrences of more exotic 
phases in the mafic endmembers (Harkin, 1960). Differentiated samples yield a large suite of minerals 




titanite, haünite) (Fontijn et al., 2013). The only notable absence in the differentiated suite is that of quartz 
(Harkin, 1960).  
 
The source of Rungwe melts has been inferred from major and trace element geochemistry to be CO2-
rich peridotite of the subcontinental lithosphere, hosting metasomatic accessory mineral phases of 
amphibole, ilmenite, apatite, and zircon (Furman, 1995). Major and trace elements vary as widely as the 
observed global database of OIBs in many trace element concentrations and ratios. Because they form 
poor correlations with metrics of melt fraction or crystal fractionation, these large chemical variations in 
melts come from multiple sources with variable enriched accessory phases (Ivanov et al., 1998). Melt 
source characteristics are further refined by isotopic analyses of the mafic melts (Castillo et al., 2014; 
Furman, 1994), and are part of the motivation of this work. 
 
Major and trace element geochemistry of the evolved volcanic products (phonolite to trachyte pumices) 
attribute chemical variation more to fractional crystallization than magma mixing for the eruptive events 
studied (Isongole and Rungwe Pumice deposits) (Fontijn et al., 2013). These eruptive events at Rungwe 
Mountain were unusually explosive considering their low-viscosity (103.3 Pa), and undersaturated water 
concentration (estimated at 5.5 wt%), and were therefore attributed to anomalously high CO2 (and S) 
content upon eruption (Fontijn et al., 2013). The apparent lack of magma mixing under the largest 
stratovolcano, Rungwe Mountain, open the possibility to spatial, or temporal (or both) variations to explain 
the broad range in observed chemical variations. 
 
Isotopic signatures remain unchanged throughout the many physical processes melts are subjected to 
between production and emplacement on the surface. Isotopic ratios preserve information about the melt 
source, while chemical concentrations are affected in drastic and unpredictable ways that obscure 
information about the source. A comprehensive understanding of the isotopic fingerprint can be 




isotopic analyses contribute to a growing body of knowledge about the isotopic character of the Rungwe 
volcanics.  
 
A total of 53 reported 3He/4He measurements point strongly to a melt source in the convecting mantle 
(Furman, 1994; Hilton et al., 2011). Nearly 80% of these samples show no evidence of lithospheric or 
crustal influence. Of this subset of samples, a majority resemble the 3He/4He ratio of mid-ocean ridge 
basalts (MORB), and a significant number are elevated definitively above the MORB range, confirming 
the existence of a deep-seeded plume-like melt component at Rungwe. Five of the He-measured 
samples were later analyzed for Ne and Ar noble gas isotopes. The additional noble gas isotopes support 
a plume-like mantle melt source for Rungwe (Halldórsson et al., 2014), and provide evidence that melts 
along the entire EAR are derived from an admixture of a common plume-like source and either DMM or 
subcontinental lithosphere depending on the region. The isotopic systematics of noble gasses, 
particularly He are uniquely adept at distinguishing lithospheric from asthenospheric mantle sources. The 
radiogenic 4He, which is a by-product of primarily U, Th decay, has been concentrated in the crust, 
overwhelming the primordial-sourced 3He. The effect is that magmas with elevated 3He/4He ratios must 
be derived from mantle regions that were depleted in U and Th for most of Earth history, and never mixed 
with the homogenized mantle that could have been enriched by introduction of crustal material through 
subduction. Global compilations of 3He/4He measurements on a variety of mantle materials show a range 
for sub-continental lithospheric mantle of 6.1±0.9 and global MORB of 8±1 (both R/Ra notation, or the 
3He/4He ratio of sample/atomsphere) (Gautheron and Moreira, 2002; Graham, 2002a). Samples that bear 
any R/Ra > 9 are interpreted to be plume-like as they must be derived from a portion of the convecting 
mantle sequestered from surface mixing. The isotopic systematics of noble gasses at Rungwe were used 
in conjunction with existing noble gas analyses from the entire EAR to reinforce geophysical arguments 
for a single-plume origin for the entire EAR (Ebinger and Sleep, 1998; Nyblade et al., 2000). More 
importantly, the refined noble gas isotopic systematics better relate the Rungwe system to the rest of the 





The d13C and He isotopes from hydrothermal gas emissions associated with Rungwe magmas at depth 
also support the derivation of melt from the deep mantle (Barry et al., 2013). A large sample set from the 
Rungwe region shows a large variation in the amount of crustal assimilation and mixing throughout the 
hydrothermal systems. Despite this, some samples preserve d13C and He isotopes consistent with a 
mantle source like that of SCLM or MORB (DMM) (Barry et al., 2013).  
 
Re-Os isotopic systematics were analyzed in four previously published Rungwe samples (RUN-23, RUN-
27, T10G, T15B) (Furman, 1995). The concentrations of Os and isotopic ratios from these Rungwe 
samples appear to be dominantly derived from metasomatized lithospheric mantle (Nelson et al., 2012). 
This is in contrast to the Re-Os systematics of Turkana and Ethiopia that support derivation from a plume-
like thermochemical feature seeded in the convecting mantle.  
 
Insights from isotopic analysis of the mafic Rungwe magmas produce further refinements to our 
understanding of the source. Previously published Sr-Nd-Pb isotopes from Rungwe melts support the 
notion that the source is heterogeneous, but can serve as tools to better refine the composition and origin 
of the sources through mixing exercises. Since they are more commonly measured, these isotopes can 
also provide a global context by comparing the asthenospheric component of Rungwe to the global array 
of OIB sources. Early Sr-Nd-Pb isotopic analyses acknowledge contributions from an asthenospheric 
source with radiogenic Pb (206Pb/204Pb > 18.9) and only slightly elevated 3He/4He (~9 R/Ra), but attribute 
the majority of melting to lithosphere metasomatized on a broad regional scale (Furman, 1994).  
 
Paired Sr-isotope and trace element analyses constitute an argument for hybridized melts from three, 
chemically distinct, lithospheric components all mobilized by an initial asthenospheric upwelling (Ivanov et 
al., 1998). In this scenario one metasomatic lithospheric endmember component is a garnet harzburgite 
or amphibole-garnet lherzolite with radiogenic Pb, 87Sr/86Sr between 0.7048-0.7052, and anomalously low 
Zr and Hf, and late enrichment in the most incompatible elements Nd through Ba, including Rb. The 




The third and final endmember component is a garnet lherzolite subjected to ancient metasomatic 
enrichment in highly incompatible elements, which added enough Rb to evolve the 87Sr/86Sr from primitive 
values (~0.7045) to 0.7056. All source components in this melt model have accessory apatite and mica.  
 
Arguments for the composition, duration, and spatial expanse of a theorized common EAR plume are 
centered around the isotopic and trace element composition of Rungwe lavas as compared to others of 
the EAR (Castillo et al., 2014). Given that much of the Rungwe samples possess non-lithospheric noble 
gas isotopic ratios, further trace element and isotopic Sr-Nd-Pb provide refinements to the local 
asthenospheric component, and Castillo et al. (2014) suggest that these local components mix with other 
endmembers common to other EAR volcanic provinces. In their model, a volatile-rich, carbonatitic 
endmember could have first contributed to regional-scale lithospheric metasomatism and later, to melt 
production both directly from the asthenosphere and indirectly from the lithosphere. The degree of 
carbonatite metasomatized lithospheric contribution to the melt can be quantified by the relative 
concentrations of high field strength elements (HFSE, Zr and Hf, Nb and Ta) when compared to and 
similarly incompatible trace elements (Castillo et al., 2014). Assuming the Rungwe region’s Proterozoic 
(or older) subcontinental lithosphere has experienced long-term metasomatic enrichment events, melts 
found to lack significant contributions from the lithospheric mantle are rare and invaluable to better 
understanding the dynamics of plume lithosphere interactions.  
 
Rungwe volcanic suite of samples exhibit dichotomous characteristics of lithospheric and asthenospheric 
melts. The now extensive 3He/4He cache of measurements imply a significant asthenospheric contribution 
(MORB and OIB-like), and only minor traces of the continental lithosphere (Hilton et al., 2011). Further 
Noble Gas isotopic analysis on rock samples and on hydrothermal gas emissions only serve to support 
this conclusion (Halldórsson et al., 2014). Although the extent of samples measured is limited, Re-Os 
isotopic analysis supports a primarily lithospheric derivation (Nelson et al., 2012). The Sr-Nd-Pb isotopic 
characteristics, as well as major and trace element characterization do not usefully distinguish between 




compositions have been observed globally (Hofmann, 2014; McDonough, 1990; Pearson et al., 2014; 
Stracke, 2012), and interaction between the two makes inheritance probable. These metrics can prove to 
be useful when the compositions of the lithospheric mantle are constrained by xenoliths entrained in the 
melt although no xenoliths have been found to this point in the Rungwe volcanic province. 
 
The aforementioned geochemical work has made significant contributions toward a holistic understanding 
of Rungwe’s eruptive history in a tectonic context, chemistry of contributing sources, and petrogenesis. 
The contributed work contained herein adds to the existing knowledge base by subjecting a large number 
of samples to rigorous chemical, isotopic (Sr-Nd-Hf-Pb), and dating analyses, while integrating data 
contributions of published work. The intricacies of magma’s role in the early-stages of continental rifting 
can be understood to a higher degree of resolution by creating and analyzing this large chemical, spatial 
record of Rungwe lavas. Most importantly, any identified source influences from the chemical analysis 
can also be dated and placed in a tectonic context from the complimentary geochronology work. When 
and how upwelling asthenospheric mantle penetrates the local continental lithosphere and contributes to 
melts can be inspected in a way not previously possible. 
 
4.2. Analytical Methods 
4.2.1. Geological Map 
An updated, fully digitized geological map of Rungwe Volcanic Province was produced using a 
combination of geological maps published by the Tanzania Geological Survey, subsequent research 
publications, and field observations over two field campaigns (Figure 2). The original sub-divisions made 
by D.A. Harkin remain, but modifications and refinements to their boundaries were made based on more 
precise SRTM elevation data that aided mapping individual flows, and age data acquired in this and 
previous publications (Ebinger et al., 1993a; 1989; Fontijn et al., 2013; 2010b; Hilbert-Wolf et al., 2017; 
Ivanov et al., 1999; Rasskazov et al., 2003; Roberts et al., 2012; 2010) (See Chapter 3).  
 




Mafic rock samples were collected during a field expedition of the interdisciplinary, multinational 
SEGMEnT project (Shillington et al., 2016). Observation and samples of the Rungwe Volcanic Province 
were undertaken with the assistance of collaborators from Tanzania in August 2012. GPS coordinates 
were collected at every sample location (Table 1). A subset of samples was chosen and analyzed for 
major and trace element concentrations based on field observations for freshness and identifiable 
phenocrysts in both hand sample and thin section.  
 
4.2.3. Sample Preparation for Geochemistry 
Rock samples were crushed by hydraulic press into pieces below a 5.6 mm sieve size. Any weathered 
outer rind was removed prior to crushing. The 5.6-2 mm sieved fraction was washed and sonicated in 
deionized water then again in methanol, and 20g or more was powdered in an alumina shatter box to 
ensure properly homogenized sample powders.  
 
4.2.4. Major Elements – ICP-OES 
An aliquot of powder for each sample was heated to 950°C for 45 minutes in a muffle furnace to obtain 
the loss on ignition. Then 100mg of this powder was combined with 400mg lithium metaborate in a 
graphite crucible and fluxed at 1050°C until molten. The molten bead was transferred and quenched in 
10% HNO3, and allowed to dissolve. The solution was diluted 4000x and filtered to remove any residual 
graphite. The final solution was analyzed for major elements on an Agilent 720 series ICP-OES at LDEO. 
USGS rock standards (AGV-2, BCR-2, BHVO-2, DNC-1, W2) were run concurrently with samples and 
used to calibrate the concentrations. Replicate analyses indicate a precision on the entire method is 
typically 1% or less. Major element data for all samples analyzed is contained in Table 1, a portion of 
which have been used for thermobarometry (Chapter 2), and are reprinted here with the complete set of 
samples.  
 




To analyze trace elements, 200mg of each sample powder was digested in a 5:2 acid solution of 8N 
HNO3: concentrated HF by heating at 180°C for 8 hours or longer. Solutions were allowed to fully 
evaporate on a hot plate and then reconstituted in 6ml 8N HNO3 twice to remove fluorides. Samples were 
diluted ~2000 times in HNO3 in preparation for analyses on a Thermo VG PQ-excell quadrupole ICPMS 
at LDEO. Concentrations were calibrated using a custom made elemental standard added to an unknown 
to emulate the matrix of the sample suite. Concentration data for 41 elements was collected for each 
sample. Calibration results recreate the published values of USGS rock standards to an average of <2% 
for most elements. Concentrations of Ba, Cr, Sr, Y, and Zr were run on both ICP-OES and ICP-MS and 
exhibit no bias from the two methods. The values of these elements used in Table 2 are from the ICP-MS 
method. Trace element concentration data is contained in Table 2. A portion of the trace elements (Cr, Ni, 
Sc, V, Y) accompany select samples used for thermobarometry (See Chapter 2) and are reprinted here 
with the complete set of trace elements.  
 
4.2.6. Isotopes – Neptune Multi-Collector ICP-MS 
Procedures for sample digestion, elemental purification through column chemistry, and mass 
spectrometer operation are modified from Jweda et al., (Jweda et al., 2015), and details are summarized 
below: 
 
An aliquot of 100-200 mg whole rock powder was weighed into a Teflon beaker. Samples were leached to 
remove surface contamination prior to acid digestion. The leach consisted of adding 0.75ml 6N HCl to the 
powders in the Teflon beakers, submerging beakers in ultrasonic bath for 15 minutes, and then heating 
beakers to 125°C for ~45 minutes. To finish the leach, the liquid and solid contents of each beaker were 
transferred to a 2ml centrifuge tube and centrifuged at 1200RPM for 15 minutes. Supernatant was 





Leached sample powders were transferred back to Teflon beakers and digested by heating samples for 
~24 hours above 180°C in a 5:2 mixture of 8N HNO3: concentrated HF. Solutions were then desiccated 
and rewetted with 0.5ml concentrated HNO3 to remove any remaining fluorides.  
 
All elemental separations were performed in the PicoTrace clean lab at LDEO by ion chromatography 
using DOWEX AG1X-8® 100–200 mesh resin (for Pb), followed by Eichrom TRU-spec® (for Sr), followed 
by LN-spec® resins (for Nd and Hf). 
 
All isotopic measurements were performed on a Neptune-Plus at LDEO by static multi-collection using 
Faraday cups and 1011 Ω resistors. Isotopic values and uncertainties for the monitor standard, BCR-2, 
have been analyzed at length on this machine to re-establish the values used for correction of unknowns 
(Jweda et al., 2015). The USGS standard BCR-2 was included in each batch of chemistry and treated as 
an unknown throughout. Published isotopic ratios and the results from isotopic runs in this analysis are 
indistinguishable at the published level of uncertainty. Isotopic ratios for Rungwe samples are published 
in Table 3.  
 
4.2.7. Olivine Composition – Laser Ablation Quadrupole ICP-MS, Lasy-Boy 
Olivine-phyric samples with MgO > 8 wt% were targeted for phenocryst analysis by La-ICPMS. Olivine 
phenocrysts were picked from the 500-710 um, or larger where available (samples R063 and R075), 
washed and ultrasonicated in methanol, and set in epoxy along grids in random orientation. The olivine 
mounts were sanded to maximum diameter to expose the core of each crystal, then polished to a 3um 
grit. Analyses took place in the ICPMS lab facility in LDEO, on a Thermo VG PQ-excell quadrupole 
ICPMS fitted with eximer laser. Each analysis consisted of 60 sec background collection followed by a 60-
sec ablation at 90% laser intensity with a 50um beam.  Each spot was first pre-ablated at 10% laser 
intensity for 1 sec by a 70um beam to remove possible surface contamination. A population of 20 
phenocrysts was analyzed for each sample (10 cores and 10 core-rim pairs to detect any possible 




data). Each sample population was calibrated independently by analyzing basaltic glass (BCR-1, BHVO-
1, BIR-1, GOR132-1) within each experiment using the LasyBoy (a visual basic code developed by Joel 
Sparks at Boston University). SanCarlos olivine was run as an unknown in each experiment to verify 
consistency in the calibration method and to evaluate accuracy and precision. The concentration values 
for San Carlos Olivine were compiled from literature or historical averages of analyses made at LDEO 
(Ruprecht and Plank, 2013), and are analytically indistinguishable from the results of analyses here. Our 
results of San Carlos are published alongside the olivine data in the first chapter of this dissertation.  
 
4.2.8. Ar-Ar Ages – VG-3600 Noble Gas Mass Spectrometer 
Radiometric age determinations of Rungwe samples were made using the Ar-Ar method at AGES 
geochronology laboratory of LDEO. Samples selected for Ar-Ar are co-irradiated with a monitor standard 
at the USGS Triga reactor (Kuiper et al., 2008). Multi-grain groundmass, or single biotite aliquots are 
step-heated under vacuum using a CO2 laser. Isotopic ratios are measured using a VG-3600 noble gas 
mass spectrometer. Isotopic bias is corrected with a 40Ar/36Arair=298.56±0.31 (J.-Y. Lee et al., 2006). Age 
determinations are made using updated 40K decay rates, and Fish Canyon sanidine monitor standard, 
age 28.201 ± 0.046 Ma (Kuiper et al., 2008; Renne et al., 2010). Ages and uncertainties for dated 
samples are published in the second chapter of this dissertation.  
 
4.2.9. Published Data Source 
The global geochemical dataset highlights the great compositional and isotopic variability of global ocean 
island volcanoes, with respect to the mid-ocean ridge system, and can be used to construct models of 
how these enrichments or depletions arise (Hofmann, 2014; Stracke, 2012; Stracke et al., 2005). 
Published values from the global dataset were compiled from the GeoRoc database (http://georoc.mpch-
mainz.gwdg.de/georoc/), from earthchem.org, and from individual publications. The published data have 
been compiled to compare and contrast with the values found in Rungwe samples. Database samples 
are plotted alongside Rungwe samples and in a format, that emphasizes Rungwe in context of the global 




in Appendix 4. In some cases, only mafic or ultramafic compositions represent the chemical or isotopic 




4.3.1. Map Geology – Sample Locale, PT, Chemistry 
Complete digitization of the geological map of the Rungwe Volcanic Province allows for better estimation 
of some first order statistics. The total land area that the province encompasses is ~3620 km2 (Figure 2). 
This is 16% larger than the initial estimate of 1200 mi2 (Harkin, 1960), which has propagated through the 
literature until recently. At 3620 km2, Rungwe Volcanic Province is the same area as Long Island New 
York (3629 km2), larger than the state of Rhode Island (3140km2), or over twice the size of Zanzibar 
Island (1666 km2).  
Based on the distribution of radiometric age data, quantitative estimates of the area covered by each 
volcanic stage can be estimated (Chapter 2). The area of Stage 0 can be <20km2. Stage 0 could have 
been as high as 900km2 if samples R109 and Ru-21were both at the distal end of lava flows from the 
same volcano. Stage 1 (older basalts) range from 2000km2 to 3600km2 depending on the proportion of 
Rungwe, Tukuyu, Kyejo and Porotos flows are underlain by Stage 1 flows. Stage 2 range from 400-500 
km2 mostly comprised of Tukuyu, but also including some of the previously mapped “older basalts” north 
in the Mbeya Range. The area of mapped flows dated to Stage 3 are ~1200km2, consisting of all of the 
Rungwe, Kyejo, Poroto, and Mpoli volcanic centers.  
 
4.3.2. A Large Suite of Mafic Samples Analyzed for Major and Trace Element Chemistry, Sr-Nd-
Pb-Hf Isotopes, Ar-Ar Eruption Age, From Rungwe Volcanic Province, Tanzania 
A total of 121 individual samples were collected for this research project and registered with IGSN (Table 
1). The samples collected were primarily from lava flows (both mafic and felsic) with an emphasis on 
older, distal flows unsampled or sparsely sampled by previous expeditions. The cache of samples 




carbonatite and surrounding country rock. Suitable samples for chemistry and isotopes were not always 
the best candidates for Ar-Ar dating, or contained phenocrysts for laser ablation, but a concerted effort 
was made to obtain as much data as possible on each of the samples.  
We report the 10 major element oxides on 82 samples (including 5 carbonatite samples). Trace elements 
have been analyzed via ICP-MS on a total of 79 samples (excluding carbonatite), 42 of which include the 
first-row transition elements V, Sc, Cr, Co (Table 1). Isotopic analysis was also performed on a large 
portion of the samples collected. The isotopic ratios (Sr-Nd-Hf-Pb isotopic systems) are reported for a 
total of 56 samples (Table 1).  
 
There are 24 samples with Ar-Ar ages to report (Chapter 2). The oldest, a basaltic lava, dates to 19.6 ± 
0.6 Ma, while a total of 5 samples yielded ages <1.17 ± 0.10 Ma, the youngest overlapping with 
radiocarbon ages obtained on the most recent eruptions in the province (Fontijn et al., 2012). The age 
data on samples with chemistry and isotopic fingerprint provide critical insights into identifying differences 
in source contribution throughout the geodynamic history of the province.  
 
4.3.3. Major Element TAS, Harkin Plots 
Major element oxides are plotted vs MgO (Figure 23), which varies from 4.6 wt% to 20 wt% in the mafic 
suite. One prevailing characteristic is low silica concentrations (below 46.2 wt%) for a majority of the mafic 
sample suite. The mafic samples, which form the core of this study, are highly variable for major elements 
other than Al2O3. There is a strong correlation between MgO and Al2O3 throughout the entire sample 
suite. Low MgO mafic samples are particularly low in CaO, and high in SiO2, Na2O and K2O. Rungwe 
mafic samples are low-Ti for alkaline intraplate basalts (Farmer, 2014), and melts within the EAR 
(Rooney, 2017b). There is a large variation in P2O5, which ranges from 0.5 to 2.5 wt%.  
 
Felsic and carbonatite compositions Felsic samples are distinguished by higher SiO2, Al2O3, Na2O and 
K2O, and lower MgO, FeO, CaO, TiO2 and P2O5, and nearly the same MnO. Only a few felsic samples 




data on felsic samples from Rungwe, which is extensive (Fontijn et al., 2013; 2012). The major element 
compositions of carbonatite are highly variable, and carry a higher uncertainty than silicate samples due 
high LOI, and difficulty in finding reference compositions to use in calibration. The sum of oxides is less 
than 100% for all carbonatites, and LOI can be assumed for the difference.  
 
The major element values are printed in Table 1. Full description of major element variation Chapter 1. 
IUGS classification plots, and Harker diagrams have been updated with samples separated into groups 
by isotopic identity (Figure 22, Figure 23).  
 
4.3.4. Trace Elements  
The large suite of samples analyzed here capture a wider range in most trace element concentrations 
than has been reported from previous analyses (Castillo et al., 2014; Furman, 1995). Samples from 
Rungwe are highly enriched in incompatible elements. Incompatible trace elements from representative 
samples of each isotopic group are plotted, normalized to primitive mantle values, alongside a 
representative E-MORB and EMI sample for comparison (Figure 3). Rungwe samples uniformly share 
relative deficits in elements K and Pb, Rb and Cs with the reference samples, and some share a negative 
Sr anomaly. The rare-earth elements (REE) are different from reference samples in significant ways also. 
Some Rungwe samples resemble the heavy REEs (HREE, Gd, Tb, Dy, Ho, Er, Tm, Yb, Lu) pattern of the 
EMI sample more closely than the E-MORB. The Rungwe samples are different from these reference 
samples in a number of ways. Notably, sample lines peak at Ba, instead of Nb. REEs are more highly 
enriched with respect to the primitive mantle reference, and the more enriched over HFSE Zr, Hf, Ti, 
which are of a comparable concentration to OIB EMI reference samples. REEs are also more 
fractionated, with samples that have La highly enriched over the reference EMI and Lu deficits.  
 
4.3.5. Isotopic Identity – 2D Projections 
A subset of samples was analyzed for Sr-Nd-Pb-Hf isotopic ratios, and are supplemented by published 




primarily downloaded from GeoRoc (http://georoc.mpch-mainz.gwdg.de/georoc/), and supplemented with 
known relevant publications manually. Samples published here represent the first comprehensive set of 
Hf-isotopic measurements for the Rungwe region (Figure 4). This dataset occupies a space in the 6-
dimensional cloud of known global isotopic data sampling the earth’s heterogeneous mantle through 
MORB, and intraplate basalts. With 6 isotopic ratios, one can create 15 unique 2d isotope-isotope 
projections (calculated for any number of variables n, with n*(n-1)/2). The four projections most commonly 
used: 87Sr/86Sr vs 143Nd/144Nd, 143Nd/144Nd vs 176Hf/177Hf, 206Pb/204Pb vs 207Pb/204Pb, and 206Pb/204Pb vs 
208Pb/204Pb isotope ratios show the range of values Rungwe occupies (Figure 4), superimposed over a 
global dataset of OIB samples for comparison. Isotopic measurements create a basis for the mafic 
samples to be subdivided into groups and discussed. Criteria for each of these designated groups are 
delineated in the discussion below.  
 
Sr-Nd-Hf isotopes overlap with bulk silicate earth ratios (bulk silicate earth (BSE) values: 
87Sr/86Sr=0.7045, 143Nd/144Nd=0.512638, 206Pb/204Pb=17.511, 207Pb/204Pb=15.361, 176Hf/177Hf=0.282772). 
Samples near BSE values (-2 to +1 eNd) are also narrowly constrained in eSr, 206Pb/204Pb. Endmember 
isotopic values of Sr-Nd-Pb-Hf overlap with characteristic EMI endmember samples from the global 
dataset (MORB data, as well as OIB sources of Hawaii and Iceland data are omitted from plots for clarity). 
Samples with eNd<-2 possess greater scatter in eSr, and contain both the maximum and minimum 
206Pb/204Pb values. When compared other EAR values, and especially values from the Western Branch, 
the range of Rungwe Sr-Nd isotopes is small (Figure 24). There is one notable outlier in Sr-Nd isotopes, 
sample TAZ09-12 with 87Sr/86Sr = 0.70692 (Castillo et al., 2014). The 176Hf/177Hf ranges from 0.282894-
282575 (eHf = +4.33 to -6.98) and spans a range that overlaps both BSE and EMI values, when projected 
in Nd-Hf. 
 
Rungwe exhibits a range in Pb isotopes that can be described as extreme (Barling and Goldstein, 1990), 
for a single volcanic province. Samples that possess eNd<-2 occupy both the minimum and maximum 




The low eNd group (described fully in the discussion below) contains many samples with very low 
radiogenic 206Pb/204Pb values (206Pb/204Pbmin=17.67) that maintain high 208Pb/204Pb, which is only 
observed in a few EMI ocean islands (Tristan, Gough, and seamounts along the Walvis Ridge) (Figure 4). 
Others from this low eNd group possess relatively more radiogenic Pb-isotope values 
(206Pb/204Pbmax=19.94, 207Pb/204Pbmax=15.76, 208Pb/204Pbmax=40.44). These samples approach but do not 
quite reach the highly radiogenic Pb-isotope values of true HIMU ocean islands Mangaia (Austral-Cook 
Island) or St. Helena (Figure 4). Pb-isotope values not sufficient to name this Rungwe endmember HIMU-
like (Rooney et al., 2014c), especially because the remaining isotopic characteristics (Sr-Nd-Hf) of these 
samples are inconsistent with the behavior of HIMU ocean islands. These low eNd endmembers with 
radiogenic Pb-isotopic ratios are displayed in plots as a separate group (red circles). Rungwe samples 
have higher 207Pb/204Pb and 208Pb/204Pb for a given 206Pb/204Pb than most of the global dataset. This trend 
can be quantified by positive deviation away from the Northern Hemisphere Reference Line (Hart, 1984), 
and expressed as high D7/4 and D8/4 values. Seven of the low eNd (<-2) range widely in 208Pb/204Pb while 
maintaining a near constant 206Pb/204Pb ~17.7. Sample TAZ09-12 is an endmember of this minimum 
206Pb/204Pb feature, with 208Pb/204Pb=39.9540 resulting in D8/4=288.  
 
Samples from the low eNd group (displayed in plots as green diamonds), with less radiogenic 206Pb/204Pb, 
143Nd/144Nd and 176Hf/177Hf are most similar to the EMI-type OIBs of the South Atlantic Ocean: Tristan, 
Gough, and seamounts along the Walvis Ridge (Figure 4). Therefore useful comparison of the mantle 
origins of the isotopically defined DUPAL anomaly samples, comprised of these regions (Figure 18, 
Figure 19, Figure 20) (Castillo, 1988; Class and le Roex, 2011; White, 2015). While in these common 
projections Rungwe is more relatable to common groups of mantle melts, it is important to note that the 
high Pb isotopic group occupies a space nearly completely unique in the 6-dimensional isotopic cloud. 
The only isotopically characterized samples from the global OIB that closely occupy the same space are 
a group of samples from the Azores Island Chain (Figure 4).  
 




Ar-Ar ages are reported for 26 samples throughout the Rungwe region. Ar-Ar, K-Ar and U-Pb ages on 
samples reported previously accompany this set of new data (Ebinger et al., 1993a; 1989; Rasskazov et 
al., 2003; Roberts et al., 2012) (Chapter 3). Additional sample data from young eruptions centered around 
Rungwe, Ngozi and Kyejo have been radiocarbon dated and accompany this dataset (Fontijn et al., 2012; 
2010b). The dimension of time provides critical insight into the rates of tectonic and geodynamic 
processes (Figure 21). The addition of age information to samples already characterized by major, trace 
and isotope analyses is invaluable to linking changes in the melt processes to tectonic or geodynamic 
models for extension around the Rungwe region. With original and published data from a total of 98 
samples that contain some major and trance element information now also contain age data, and 26 
samples fully characterized by Sr-Nd-Pb isotopes (major and trace element concentrations) now contain 
age data. The reported ages from this study range from 19.0 ± 0.6 Ma to 0.04 ± 0.05 Ma. Older dates of 
mineral separates in volcanic sediments indicate a phase of eruptions as old as 25.9 ± 1.5 (Roberts et al., 
2012), but no whole rock samples yielded ages in this range. There are 15 samples with eruption ages of 
~7.8 Ma spread over a significant area of the province, and this period along with the present Stage 1 
record the largest compositional variability from the dated samples (Figure 21).  
 
The variability of different source contributions through time is most directly represented by isotopic 
composition of dated samples. The high eNd group has been represented in the entire history of Rungwe, 
while the low eNd groups have a more restricted time range. Many of the low eNd samples occur within 
the time period of pronounced magmatic activity between 8.87-7.03 Ma. The high-Pb group is restricted 
to the last 1.17Ma.  
 
4.3.7. Olivine Compositional Data – Source Conditions  
Description and a table compositions for olivines analyzed were used in the application of a 
thermobarometer (See chapter 2). Analysis of select olivine populations by laser ablation can provide 
accurate major (and limited trace) element information to compare to the host whole rock material. Each 




the olivine population in the eruption from which the sample was picked. Olivines from the high Pb 
isotopic group are more magnesian (higher Fo# than from other samples). The majority of the remaining 
samples analyzed for olivine composition (6 of 8 samples) were from the high eNd isotopic group, while 
only two samples from the low eNd isotopic group had olivine sampled. More of the high eNd isotopic 
group of samples tended to be olivine phyric than the low eNd group. The highest Mg# recorded for each 
olivine population tends toward 89.6 (Figure 25). Samples from the high Pb isotopic group contain 
significantly more magnesian olivines with Mg#max=91.8. Olivines from this group can be excluded as 
xenocrystic based on their CaO, Sc, and V concentrations indicative of mantle olivine rather than olivine 
phenocrysts (Figure 25). Ni is highly compatible in olivine and gets enriched in the phase upon formation 
(Sobolev et al., 2007). The concentration of Ni (maximum 3171ppm) in the olivine populations analyzed 
are generally low when compared to the compositions from OIB and from subduction zone volcanoes with 
pyroxenite melt (Sobolev et al., 2005; Straub et al., 2008).  
 
4.4. Discussion - Geochemical Analysis 
4.4.1. Categorization into Subsets  
In an effort to identify and better explain the various natural processes that contributed to Rungwe lavas, 
original and published samples have been segregated into categories based on chemical and isotopic 
behavior. Segregation into categories allows for identification of certain physical processes through the 
dataset, the effects of each can be traced throughout this characterization of source composition and 
processes that are imposed upon the melt from inception to emplacement. Attributes that can be tied to 
certain geological processes or specific chemistries are filtered to narrow the focus to only those samples 
that best exhibit the asthenospheric plume source. All samples analyzed have been grouped into 
categories that have emerged based on evaluation of the published and original dataset.  
 
The first, most fundamental, chemical categorization for silicate samples is based on SiO2 and MgO wt% 
concentrations. Felsic samples are easily segregated from the mafic samples because of the 




the purposes of this study and not described in further detail (Figure 5). Mafic samples range from 39-51 
wt% SiO2 are further subdivided into cumulate and non-cumulate samples by their MgO wt%. Six original 
mafic samples (and a few published samples) with MgO > 12.5 wt% have been designated olivine 
cumulates, since they require olivine fractionation (removal) to calculate their primary melt composition 
(See chapter 2). The groups designated in Figure 5 can be further broken down by more minor 
differences in Sr-Nd-Pb isotopes and Ba/Rb vs K2O (Figure 27). Highly incompatible elements form the 
greatest variation in these subgroups (shown vs Mg#) (Figure 29).  
 
Cumulates from this study are limited to two locations,  R075 is from the edge an explosion crater in the 
southernmost reaching portion of the province (Harkin, 1960). The other cumulates are from the Mpoli 
and Izumbwe volcanic field in the extreme northwest of the province (samples R031, R032, R034, R035, 
R104), and have been sampled extensively in this, and other studies (Castillo et al., 2014; Furman, 1995; 
Halldórsson et al., 2014; Harkin, 1960; Hilton et al., 2011; Ivanov et al., 1998). The whole rock melt 
composition of R075 is distinctly different from melts of the Mpoli and Izumbwe volcanic field, most 
noticeably in Pb-isotopic composition. Samples from the Mpoli and Izumbwe volcanic field are outliers 
with far more radiogenic Pb isotopic compositions than any other silicate samples measured particularly 
in 206Pb/204Pb (Figure 5). Sample R075 is grouped separately, and is designated low eNd cumulate in 
plots.  
 
Mafic samples can be subdivided by their eNd value. The 143Nd/144Nd measurements that now exist show 
that there is not a large range in eNd values for Rungwe when compared to other provinces in the EAR 
(Figure 24), or other OIB groups (Figure 4). Despite the comparatively small range, a natural gap in the 
data between eNd(-2) exists, nearly evenly dividing the mafic samples. All mafic samples are subdivided 
into high eNd (from +1 to -2) and low eNd (-2 to -5) groups (Figure 5). All cumulates are also low eNd 
samples (Figure 5), and contain lower Al2O3 and TiO2 than all other mafic samples (Figure 6, Figure 23). 
The four felsic samples measured isotopically overlap with the mafic samples in Sr-Nd-Hf-Pb space, 





Statistically significant differences exist in major and trace elements between the high eNd and low eNd 
groups. While they are defined by eNd, these groups are also different in eSr and eHf (Figure 4, Figure 
19). This trend is expected, as Sr-Nd-Hf typically correlate in magma suites. Major and trace element 
differences also exist that can arise from differentiation or mixing. Low eNd mafic group contains samples 
that have a lower Mg# and CaO/Al2O3, and higher SiO2/MgO (Figure 6). All of these indicators suggest 
that at least some samples from the low eNd group have undergone the process of fractional 
crystallization or have mixed with felsic compositions (Figure 6, Figure 15).  
 
A few highly incompatible trace element differences between the high eNd and low eNd groups are 
observed. Lower Mg# samples have a higher level of enrichment than high Mg# samples in both the high 
eNd and low eNd groups (Figure 3). The differences are more accentuated in the highly incompatible 
elements (Ba through Ce) to the left of the diagram, but differences can be observed throughout the plot 
of incompatible elements. The statistically significant trace element ratios that separate the two mafic 
groups are K/U, K/Nb, and U/Pb (See Appendix 4 notes on statistical analysis) (Figure 7). Some 
differentiated felsic samples are in the low eNd group (Figure 5). The differentiated, felsic magmas 
typically lack relative Pb, K, U depletions with respect to light REE (LREE) and Nb (Figure 9), and 
therefore would be expected to have different U/Pb vs the mafic samples. This however is not the case 
for Rungwe samples, where the felsic Pb/U is indistinguishable from the mafic samples (Figure 7). 
Magma differentiation does not account for the separation of high and low eNd groups observed in K/U, 
K/Nb, and U/Pb (Figure 7, Figure 5). This enrichment in K can be attributed to magma differentiation.  
 
The U/Pb ratio of high eNd samples is significantly greater than the low eNd group, which spans a larger 
range and overlaps with the primitive mantle value of U/Pb=0.124 (Palme and O’Neill, 2003). The inverse, 
Pb/U vs K/U is plotted so that both axes contain uranium in the denominator and any evidence of mixing 




binary mixing relationship exists. In contrast, the Pb/U ratio of the high eNd group (and felsic group) is 
nearly invariant in Pb/U over a range of K/U that spans >1 order of magnitude. 
 
4.4.2. Secondary Categorization – Filtering and Exclusion 
Certain individual samples have been singled out from the major group designations because they are 
exceptional outliers in one or more of the metrics identified. These samples are labeled in appropriate 
bivariate plots, and are highlighted in individual primitive mantle normalized incompatible trace element 
diagrams with the proposed effect that has created the exceptional trace element composition (Figure 9) 
as detailed in the following paragraphs. 
 
4.4.2.1. Sample Filtering: Surface Alteration or Weathering 
All efforts were made in the field to select samples with no evidence of surface weathering or alteration. 
This included selecting samples with low vesicularity or internally weathered fractures, high frequency 
ringing when struck with a hammer, and complete removal of outer surface rind prior to collection and 
processing. Two samples (R064, R101) appear to have been pervasively affected by surface alteration 
despite these measures. These two samples are extreme outliers in both (Ce/Ce*)Npm to all other samples 
and Y (ppm) to all other mafic samples (Figure 10). A Ce anomaly ((Ce/Ce*)Npm ) and the concentration of 
Y can be used as metrics of surface weathering due to their varied mobility with respect to REEs of 
similar compatibility (Class and le Roex, 2008; Marsh, 1991) (Figure 10). The LREE Ce can have two 
valence states, while neighboring REEs of similar incompatibility (La and Pr) have only one. This means 
that under certain conditions, Ce can be preferentially mobilized or retained in a rock, creating negative or 
positive Ce anomalies respectively. Most mafic samples from this study fall within 10% of a (Ce/Ce*)Npm 
=1, indicating minimal or no Ce anomaly. In contrast, samples R064 and R101 have strong negative Ce 
anomalies (give values here) and also contain concentrations of the moderately incompatible HFSE 
Yttrium otherwise only observed in felsic and carbonatite samples, far higher than any other mafic 
sample. The incompatible trace element pattern of samples R064 and R101 are also more highly 




(Figure 9). While these samples are corrupted, and therefore not necessarily representative of the mantle 
source, they have been labeled as altered (with “alt”) and remain in plots to indicate the direction of 
surface alteration within the many chemical metrics displayed. 
 
4.4.2.2. Sample Filtering: Continental Contamination 
Continental intraplate basalts need to traverse the overlying continental lithosphere to reach the surface. 
At Rungwe, the continent overlying the melting region is thick, cold, and old. The estimated crustal 
thickness in the Rungwe region is 39 ± 5 km (Borrego et al., 2018). Earthquakes persist to great depths in 
the vicinity, indicative of low temperatures at depths that could support a brittle ductile transition zone 
near the base of the crust (Camelbeeck and Iranga, 1996; Nyblade and Langston, 1995). Crustal terranes 
adjacent to and underlying the Rungwe Province are Proterozoic crystalline, sedimentary, and 
metamorphic (Boniface and Appel, 2018; 2017; Boniface et al., 2012; Kasanzu et al., 2017; Lenoir et al., 
1994; Manya, 2013; Manya and Maboko, 2016). The Ce/Pb and Nb/U ratios can test the level of 
continental contamination present at Rungwe, since the values of these ratios are vastly different for 
continental crust than for MORB and OIB (Hofmann et al., 1986) (Figure 14). Rungwe melts exhibit no 
detectable continental contamination by their Ce/Pb or Nb/U, but do exhibit a range as large as the global 
dataset of OIB and MORB combined (Furman, 1995). Some low eNd mafic and high Pb cumulate 
samples possess Ce/Pb<20, while only some felsic samples approach the Ce/Pb range of generic 
continental crust. The great majority of mafic samples do not possess values in Ce/Pb and Nb/U ratio, or 
Nb and Ce concentration outside of the prescribed range in OIB and none overlap with continent 
(Rudnick and Gao, 2014) (Figure 14). The Ce/Pb characteristics of Rungwe melts contrast with those of 
the Big Pine Volcanic Field (BPVF; California, USA), that have been observed to correlate strongly with 
the estimated depth of melting (Gazel et al., 2012). Melt interaction/assimilation of continental 
lithospheric, and crustal material should presumably increase for mafic melts that originate at shallower 
depths as they appear to do at BPVF, however this correlation is not present in the Rungwe melts. 
Consistently high Ce/Pb throughout the range of melt compositions analyzed at Rungwe suggest the 




continental lithosphere and crust may not possess Ce/Pb (or Nb/U) typical of average continental crust in 
the area underlying Rungwe because of its advanced age or conditions of its genesis. Some mafic 
samples from the low eNd group approach values like continental crust in other trace element ratios 
(Zr/Sm, Nb/La, (Dy/Yb)Npm, (La/Yb)Npm) (Figure 16). Of these, no single sample approaches continental 
values consistently in more than one of these trace element ratios. The HFSE ratios (Nb/Ta and Zr/Hf) of 
Archaean Tonalite-Trondhjemite-Granodiorite compositions (TTG) overlap with many Rungwe samples, 
particularly from the low eNd group. (John et al., 2010)(Figure 16). These HFSE ratios are poor indicators 
of continental influence since the range overlaps global MORB, OIB, and continental crust.  
 
The isotopic composition is another common metric to evaluate continental contamination. The Sr-Nd 
isotopic composition, particularly of Precambrian terranes, tends to be vastly different than MORB and 
OIB compositions with lower eNd and higher eSr (Farmer, 2014). The Sr-Nd isotopic range of Rungwe 
melts intersect values of the chondritic uniform reservoir (CHUR) and extend toward OIB provinces with 
an EMI isotopic composition (Kerguelen Plateau-Heard Island, Gough-Tristan Islands and the 
accompanying Walvis Ridge) (Figure 4). The same relationships exist in the Hf-Nd projection (Figure 4). 
One isotopic outlier sample with eSr =+34 (TAZ09-12) is cited as a mixing endmember of the early 
Proterozoic lithospheric source at Rungwe (Castillo et al., 2014). This sample bears a MORB-like 3He/4He 
ratio, and no noble gas isotopic measurement made from Rungwe samples resembles continental values 
(Halldórsson et al., 2014; Hilton et al., 2011). Addition of minor amounts of continental crust with 
eSr>>+34 could have affected the final Sr-isotopic composition of TAZ09-12. However, the 3He/4He ratio, 
Ce/Pb, Nb/U of TAZ09-12 are not outliers and do not indicate significant continental influence.  
 
4.4.3. Crystal Phase Accumulation or Fractionation 
The effects of phenocryst growth in primitive magmas can have drastic effects on the final magma 
composition due to the unique partitioning of certain elements into phenocrysts. Rungwe melts appear to 
have undergone crystal fractionation or accumulation typical of silicate magmas. Phenocrysts like olivine, 




Rungwe samples. Rungwe lavas also host some more exotic crystal phases due to their highly alkaline, 
and silica-undersaturated nature. In mafic rocks, olivine, augite (cpx), and plagioclase, as well as 
accessory primary and secondary crystal phases analcite, apatite, barkevikite, biotite, calcite, chlorite, 
hematite, k-feldspar, nepheline, serpentine, zeolite, and oxide ore minerals have been identified through 
petrographic analysis (Harkin, 1960). Trachytic pumice lapilli from a single 4 ka eruption event contains 
phenocrysts of sanidine, biotite, cpx, titanomagnetite, ilmenite, amphibole, plagioclase, apatite, titanite, 
and haüyne (Fontijn et al., 2012). Normative mineralogy is also a useful tool to envision the range of 
crystal phases most likely to form with the compositions available if an ideal environment existed for each 
melt. Certain chemical indicators are also useful to detect their presence, particularly of crystal 
fractionation that may have effectively removed some substance from the final rock sampled.  
 
Petrographic thin sections were produced for each of the samples in this study by the University of Dar Es 
Salaam. Petrographic analysis is beyond the scope of this study as the thin sections were retained for 
description by the University of Dar Es Salaam.  
 
Normative mineralogies have been calculated for Rungwe original and published samples using their 
major element composition (Pruseth, 2014). The majority of samples are olivine, diopside and nepheline 
normative. Cumulate samples contain 20-30% olivine, while non-cumulate mafic samples are all <20% 
olivine. Many samples contain normative CPX>30%. These samples include of the high Pb isotope ratio 
group (R031, R032, R034, R035, R104), high eNd samples presumed to be of a high carbonatite content 
(R069, R081, R082), samples identified by chromium concentrations to possess CPX accumulation 
(R026, R029, R030, R045), an olivine phyric sample with no high Mg# olivine (R111). All mafic samples 
also contain normative apatite to varying degrees with “+C” labeled samples R069, R081, R082 
exceptionally high (~6% normative apatite composition). No sample is quartz normative below 60.9 wt% 
SiO2, and these felsic samples contain hypersthene and lack normative olivine, diopside, and nepheline. 
Incompatible trace elements should correlate with normative nepheline in melt compositions if they are 




identified from the Rungwe samples analyzed. Lack of correlation supports the conclusion that Rungwe 
melts are the product of multiple sources, with distinct compositions.  
 
Olivine and cpx are the two most prevalent phenocrysts present in the mafic rock samples collected. 
Crystallization and subsequent accumulation or fractionation can affect the major and trace element 
composition of a final rock composition in predictable ways. Mafic samples designated as olivine 
cumulates are easily identifiable by their excessive MgO wt% concentration (Figure 5, Figure 23). 
Incompatible elements are not easily incorporated into the crystal structure of olivine and thus have 
concentrations orders of magnitude lower than that of the host melt. Therefore, excess olivine in a sample 
effectively dilutes the concentration of incompatible elements, which appears to be the case for Rungwe 
cumulates (Figure 3). Nickel is highly compatible in olivine, and any available in the primitive melt will be 
incorporated into olivine since it is the first phase to crystallize out. Chromium is more compatible in cpx 
than in olivine and the budget of chromium in a mafic melt will depend on cpx loss or gain. Distribution 
coefficients for Nickel and Chromium from relevant melt compositions into olivine and cpx were found in 
the GERM database to confirm this phenomena (earthref.org/GERM) and are as follows: alkali-basalt 
liquid partition coefficients for olivine are 34 (Ni) and 2.8(Cr), and for cpx are 2.5(Ni) and 5.3(Cr) 
(Villemant et al., 1981). Basanite liquid partition coefficients for olivine are 32-47(Ni) and 0.64-1.3(Cr), and 
for cpx are 8.5-10(Ni) and 8.49-26(Cr) (Adam and T. H. Green, 2006). High concentrations of Ni in the 
whole rock composition are indicative of the quantity of olivine in a sample, while high Cr can be 
indicative of the quantity of cpx. Melts with excess olivine, cumulates, contain higher Ni concentrations 
than even the picro-basalt samples, because olivine is the major host of Ni in mafic samples. Olivine 
crystal fractionation can be identified by predictably lower Ni concentrations (Figure 11). Olivine and cpx 
crystal fractionation trends are identifiable by their Ni and Cr concentration (Figure 11). Certain samples 
identified by their outlier Ni and Cr concentrations have been labeled in this and subsequent plots (where 
relevant) to detect any collateral effects olivine or cpx fractionation has on sample compositions. Two 
samples have been labeled for having exceptional cpx gain based on these criteria, one is a high Mg#, 




the high Pb cumulate sample category have been measured to observe the variation within a single 
mapped unit. The wide variation in concentration of Cr in this series of samples with narrow range in Mg# 
is attributed to considerable variation in the distribution of cpx in the erupted material (Figure 11). Sample 
R034 is marked (with “–cpx”) in bivariate plots to track the effect of considerable cpx crystal fractionation 
that affects this and sister samples R035 and R104 (Figure 5, Figure 11). 
 
Plagioclase phenocrysts are less prevalent in mafic Rungwe samples, but have been identified 
petrographically in certain melt compositions (Harkin, 1960). In the absence of petrographic analysis, 
fractionation and accumulation of plagioclase is chemically detectable in the Rungwe sample suite. Melt 
partition experiments from a wide variety of melt compositions confirm that strontium is compatible in 
plagioclase, but incompatible in other common mafic minerals (earthref.org/GERM). Eu can be up to an 
order of magnitude more compatible than other REEs in this crystal phase under certain conditions 
(Drake and Weill, 1975).  
 
Plagioclase crystal fractionation results in relative deficits in Sr and Eu for mafic melts when compared to 
REEs of similar incompatibility in mantle melts (Figure 12). Sample Sr concentration normalized to the 
primitive mantle value (denoted (Sr)Npm ) correlates inversely with Mg# from 80-50 ~Mg#. The great 
majority of felsic samples, expected to have abundant plagioclase fractionation, contain less (Sr)Npm than 
their mafic counterparts. The (Sr)Npm of carbonatites are 2-4 times greater than the mafic silicate samples. 
Minor addition of carbonatite compositions similar to samples R004 and R005 could cause the increased 
variability of (Sr)Npm in the mafic samples. Carbonatite samples R004 and R005 contain high MgO (9.18 
and 28.61 wt% MgO, respectively) and high (Sr)Npm, one plausible enriched endmember contributor to the 
mafic variation. Felsic samples, with MgO<0.8 wt% and low (Sr)Npm, could serve as a depleted 
endmember contributor to mafic variation. Arrows suggest plausible endmember compositions that the 
parental mafic melts may have interacted with prior to eruption (Figure 12). The inclusion of carbonatite 
would raise the (Sr)Npm to levels not seen in other mafic silicate suites, while mixing with felsic magma 




formation and subtraction from the melt (fractionation) will reduce both the (Eu/Eu*)Npm and (Sr/Sr*)Npm 
below a value of 1, to varying degrees. Accumulation of plagioclase will make both measures of 
deviations greater than 1. The mafic data trend linearly suggesting a single factor governs both variables. 
With few exceptions, mafic data exhibit a positive Eu anomaly ((Eu/Eu*)Npm >1). Sr anomalies are of a 
greater magnitude than Eu anomalies, and a slight majority of mafic samples have (Sr/Sr*)Npm>1. The 
most severe example of a Sr anomaly, with (Sr/Sr*)Npm=1.5, is sample R099. It has been labeled in 
appropriate plots with “+plag” to identify other chemical variations that may be attributable to plagioclase 
crystal fractionation. One major outlier from the published samples is Ru-24 has a strongly negative Eu 
anomaly ((Eu/Eu*)Npm=0.61), and has been labeled with “–plag” in figures. Felsic samples have both 
positive and negative Eu anomalies that are of greater magnitude than any mafic samples. The few felsic 
samples from this study all emulate the larger published dataset of felsic samples with Eu/Eu*<0.90 and 
Sr/Sr*<0.78 or two samples identified with high Eu/Eu*<1.34 and Sr/Sr*<1.22. The great majority of 
published felsic compositions plot outside the bounds of the graph being strongly negative in both Eu/Eu* 
and Sr/Sr* (Figure 12). The felsic samples collected and analyzed here were run alongside the 
carbonatites, and have both positive Sr and Eu anomalies that are similar to the mafic samples. Samples 
determined to have been altered by surface processes (R064, R101), also have severe negative Sr and 
Eu anomalies (Figure 12). The high Pb cumulate group are endmembers of the mafic group with the only 
appreciable negative Sr anomalies, and low Eu/Eu* (not significantly below 1 when analytical uncertainty 
is taken into account). 
 
Magmatic differentiation through fractional crystallization imposes a set of predictable compositional 
changes on magma compositions. These compositional differences, when identified, can be filtered out to 
better focus on the variation due to the melt source. For Rungwe, lower Mg# mafic samples contain 
higher TiO2, Nb/Ta, Zr/Hf, Nb/Hf, Nb/Zr, and higher concentrations of LREEs than higher Mg# samples 
(La/Nd, Ce/Sm, La/Yb, and Gd/Yb in high eNd only). High eNd samples with low Mg# have lower Ti/Ti*. 
The Ti/Ti* for low eNd samples does not exhibit as large a range as other groups do. Ti-rich phases have 




titanite in felsic volcanic products (Fontijn et al., 2013). High Ti-augite is a notable and prominent 
phenocryst, as much or more abundant than olivine in many samples. However abundant, the relatively 
minor TiO2 concentration (~2wt% max) and HFSE partition coefficients of CPX are not sufficient to explain 
the observed variability in trace element HFSE abundances and ratios (Pfänder et al., 2007). True Ti-rich 
phases ilmenite (Fe+2TiO3), and titanite (CaTiSiO5) are capable of accommodating large amounts of 
LREEs, and different partition coefficients for HFSE pairs Nb-Ta and Zr-Hf than other crystal phases 
observed in the melt. These phases are sufficient to fractionate the concentrations of these elements in 
the whole rock. One characteristic trace element pattern attributed to melts in an arc environment is 
primitive mantle normalized deficits in Nb (and Ta) with respect to La (also U, Th). Rungwe, and most 
OIBs, do not appear to have this characteristic Nb (and Ta) concentrations deficit. 
 
4.4.4. Lithospheric Component 
4.4.4.1. Xenocrystic Olivines 
The chemical and isotopic composition of the lithosphere underlying Rungwe has not been sampled 
directly and is therefore unknown. No mantle xenoliths have been identified in this study, or in previous 
geochemical studies (Fontijn et al., 2013; Furman, 1994; Harkin, 1960; Ivanov et al., 1998). Olivines from 
the high Pb cumulate group of samples exhibit two compositionally unique populations, one anomalously 
low in CaO and scandium, and enriched in vanadium (Figure 25). Olivine phenocrysts by contrast have 
low V/Sc and high Mn. The sub-population of olivines within these samples have been deemed 
xenocrystic and are more magnesian than the melt derived olivine population. High-Mg# olivines from a 
melt depleted lithosphere are characteristic of Tanzanian Archaean lithosphere, where mantle xenoliths 
have been sampled (Rudnick et al., 1994). Non-cratonic mantle xenoliths from other regions of the world 
are more appropriate analogues for lithospheric source mantle beneath Rungwe because Rungwe is the 
volcanic province farthest from the Tanzania Craton of all of the volcanoes in the Eastern or Western 
Branches of the EARS (Foley et al., 2012). The presence of xenocrystic olivines shows that the melt had 
physical interaction with the lithospheric mantle. Melt ascent rates sufficient to carry these denser-than-




Olivines are not high in concentrations of incompatible elements, particularly those measured for 
radiogenic isotopes. If the xenocrystic olivines are from the lithosphere, they are not likely to impose a 
foreign isotopic composition on the host melt because the concentrations of these elements are too low.  
 
4.4.4.2. Prior Metasomatic Events of the Lithospheric Mantle  
The emplacement of carbonatite bodies at 170 and 155 Ma are evidence that metasomatic events had 
occurred in the subcontinental lithospheric mantle prior to formation of Rungwe melts. Multiple kimberlite, 
alkaline, and LIP eruptive events took place in southern and eastern Africa (Woolley, 2001), many of 
which have a spatiotemporal relationship with the southern edge of Tuzo (the LLSVP underlying Africa) at 
~45 degrees south (Steinberger and Torsvik, 2012; Torsvik et al., 2006). 
 
The unique trace element composition of a carbonatite metasomatized mantle source can be approached 
by considering two sets of data: local extrusive carbonatites and carbonatite fluids encapsulated in 
diamonds. Each set of data has advantages and drawbacks. Local carbonatites provide compositions for 
direct comparison, as they actually traversed the lithosphere and crust (Bizimis et al., 2003). However, 
erupted carbonatites are subject to massive chemical heterogeneities due to highly variable and rare 
mineral phase makeup (Basu and Mayila, 1986). The highly enriched and fractionated nature of these 
melts can make it difficult to accurately predict their primary melt composition, and how any remnant of 
that composition might have affected the lithosphere in the interim 150 Mya. Isotopic ratios are unaffected 
by the chemical process of melt production and can likely provide the clearest comparison between the 
melt source of carbonatites in the past and Rungwe melts now. Diamond inclusions of carbonatite fluid 
are the most accurate representation of primary carbonatite melt composition since they are segregated 
from the mantle by inert carbon (diamond) at great depths (Weiss et al., 2011; 2009). These compositions 
can only be applied to melt models in the abstract because so few measurements have been made, and 





The diamond inclusion compositions show that carbonatite fluids would affect a generic peridotite mantle 
in some predictable ways, namely enrichment of highly incompatible Ba, Th, U, and LREEs (Weiss et al., 
2009), as these are the trace elements enriched above a primitive mantle composition. Low 
concentrations of Ti, Zr, Hf vs REEs emulate the pattern in carbonatites, while Nb, Ta, and Nb/Ta are 
highly variable. Addition of these fluids to peridotite would also enrich the CaO+Na2O+K2O and dilute the 
SiO2 and MgO in resulting melts.  
 
4.4.4.3. Metasomatic Phases  
The influence of metasomatic phases in the subcontinental lithosphere on melts can be profound or 
subtle (Pilet, 2015; Pilet et al., 2008). Metasomes, or metasomatically enriched domains, imparted on the 
lithospheric mantle either through subduction events or from interaction with the convecting mantle, are 
easily fusible from even small thermal disturbances (Rooney et al., 2014c). Metasomatic phases have 
long been suspected to contribute to EAR melts, especially in the Western Branch where variable and 
rare melt compositions have been identified (Furman, 1995; Furman and Graham, 1999). One typical 
characteristic of melts derived from continental lithospheric enriched sources is the Ti concentration, 
which tends to be enriched in continental lithosphere around rifts more so than cratons (O'Reilly and 
Griffin, 2010). Consequently the Ti concentration in rift melts in Afar and Ethiopia can be divided into high 
and low Ti melts with inferred correlation to their lithospheric source (Rooney, 2017a). Rungwe is no 
exception, amphibole, apatite, ilmenite, and zircon accessory phases were argued to contribute to melts 
here (Furman, 1995). The entire Rungwe mafic suite can be considered low in Titanium with respect to 
global OIBs (Figure 3, Figure 13). Tectonic compression can cause subduction, thickening of the 
lithosphere, and melting within the lower crust and upper mantle. There is evidence that the lithosphere 
under Rungwe experienced prolonged periods of tectonic compression in the distant geological past.  
(Kazimoto et al., 2014; Manya, 2013; Möller et al., 1995). Contemporary enrichment from the upwelling 
asthenosphere, extending at least to the age of early volcanism 25.9 ± 1.5 (Roberts et al., 2012) could 





The effects on melt from amphibole and phlogopite, two significant metasomatic phases in the 
lithospheric mantle, can be distinguished through the Rb/Sr and Ba/Rb ratios of the melt (Furman and 
Graham, 1999). A mafic melt with high Ba/Rb could have melted in the presence of amphibole in the 
source, where the amphibole preferentially retains the typically more incompatible Rb, leaving the melt 
depleted in Rb. Rungwe’s trace element characteristics suggest that amphibole predominates phlogopite 
in most samples (Figure 13). Quantifying the degree of amphibole influence requires that the amphibole 
composition and melt fraction is known. The addition of even small amounts of carbonatitic fluids have 
extremely high Ba/Rb (Weiss et al., 2011; 2013). Even small contributions of carbonatite would influence 
the Ba/Rb of melts in significant ways. Additional criteria are required to distinguish the influence of 
amphibole from carbonatitic fluids.  
 
4.4.4.4. Carbonate Metasomatized Lithosphere or Carbonated Asthenosphere  
Mafic Rungwe sample compositions appear to be the product of carbonatite fluxed peridotite melting. CO2 
can be a significant constituent of the parental melt composition prior to diffusion, and open system 
behavior prior to and throughout the eruption process (Matthews et al., 2017). CO2 concentration in the 
surface melt is rarely indicative of the true concentration because the high susceptibility of the gas 
escaping to the atmosphere upon eruption. Therefore, estimates via proxy elements are used to better 
understand the concentration of CO2 and H2O, another volatile melt constituent. Melt experiments on 
carbonated peridotite have shown that CO2 depresses the melt SiO2 wt% predictably and linearly below 
melt concentrations 46.2 wt% SiO2 (Dasgupta et al., 2013b; 2007a). Rungwe mafic sample SiO2 wt% fall 
largely below this threshold (Figure 23), indicating that most sample compositions were affected by CO2 
concentrations up to 5.80 wt%. It has been shown through melt experiments that total alkalis (Na2O+K2O) 
far exceed TiO2 in carbonated melts of peridotite while the opposite is true for carbonated eclogite 
(Dasgupta et al., 2007b; 2006; Zeng et al., 2010). Similar to the carbonated peridotite melt experiments, 
Rungwe total alkalis far exceed the TiO2 concentrations in mafic melts. Carbon in the mantle has been 
shown through melt experiments to behave like an incompatible element with a partition coefficient 




which translates to 6.7 wt% CO2 based on primitive mantle values and CO2 at 400ppm (Rosenthal et al., 
2015). Estimates are still in the 2-5wt% range if the source is presumed to be more depleted in trace 
elements and CO2.  
 
Mantle carbon is associated with enrichments in elements that would otherwise be highly depleted in 
volatile-free peridotite. Diamond inclusions of carbonatite fluid are the most accurate representation of 
primary carbonatite melt composition since they are segregated from the mantle by inert carbon 
(diamond) at great depths. Carbonatite fluids would affect a generic peridotite mantle in some predictable 
ways, namely enrichment of highly incompatible Ba, Th, U, and LREEs (Weiss et al., 2009), as these are 
the trace elements enriched above a primitive mantle composition. High concentrations of REEs vs Ti, Zr, 
Hf emulate the pattern in carbonatite samples, while Nb, Ta, and Nb/Ta are highly variable (Figure 16). 
Addition of these fluids to peridotite during silicate melting would also enrich the CaO+Na2O+K2O and 
dilute the SiO2 and MgO in resulting melts.  
 
The composition of erupted carbonatites in the Mbeya region has been analyzed for the purposes of 
comparison to the silicate melts from Rungwe. Nb ore exploration has caused the Panda Hill carbonatite 
to be inspected closely, therefore the geochemistry is well documented (Basu and Mayila, 1986; Bizimis 
et al., 2003; Boniface, 2017; Fawley and James, 1955; Fick and van der Heyde, 1959). Three Panda Hill 
samples with different textures were selected for major and trace element concentrations analysis, and 
evaluation of Sr-Nd-Pb isotopes. Where applicable, carbonatite compositions are included alongside 
Rungwe samples in plots for comparison. Two endmember carbonatite textures are plotted with the range 
of Rungwe samples for context (Figure 8). Sample R004 represents the most carbonate rich endmember, 
while sample R005 is the carbonatite most densely packed with dark micas and oxides. A plot of primitive 
mantle normalized incompatible trace elements alongside those of Rungwe samples immediately shows 
that both carbonatite textures are significantly more enriched in the REEs (3-4x more enriched in HREEs, 




carbonate-rich endmember has lower concentrations of Rb, Ba, Nb, Ta, K, while both samples have lower 
concentrations of Hf, Zr, Ti (Figure 8).  
 
Assimilation or addition of carbonatite melt can attribute to the large variations in many major and trace 
elements, especially in cases of low silicate melt fraction. Firstly, the aforementioned suppression of SiO2 
throughout most of the mafic samples suggests that CO2 is abundant and widespread in the source 
(Figure 23). Measured carbonatite compositions contain nominal Al2O3, TiO2, Na2O, K2O (Table 1), so 
their addition to silicate melt serves to dilute or suppress these major element oxide concentrations. Ca-
carbonatites contain >40wt% CaO and P2O5 that exceeds concentrations found in mafic Rungwe 
samples. Rungwe samples presumed to have high proportions of carbonatite (R069, R081, R082) on the 
basis of their major element characteristics alone, with SiO2<41wt%, P2O5>1.5wt% while maintaining 
MgO>8wt%, and CaO/Al2O3>1 (Figure 6, Figure 15). The large ion lithophile elements (LILE) and LREE 
incompatible trace elements are more highly concentrated in these samples than all others measured 
(Figure 9, Figure 12), while maintaining significant relative deficits in K (Figure 7), Zr/Sm and Nb/La, and 
enrichments in Nb/Ta, (Dy/Yb)Npm and (La/Yb)Npm (Figure 16).  
 
While in theory carbonatite addition can describe many trace element observations, a simple binary 
mixing calculation using endmembers R107 and R005 shows that the variation in the high eNd samples 
cannot be purely due to carbonatite melt addition in practice. R107 is a picro-basalt and the sample from 
the high eNd isotopic group that has the lowest enrichments in incompatible elements (Figure 3). Sample 
R005 is the carbonatite sample with high concentrations in micas, it therefore has a higher SiO2 content 
than most other carbonatites measured. It requires ~20% addition of carbonatite to enrich R107 to levels 
of the most highly enriched eNd samples. This scenario is unfeasible since addition of a carbonatite would 
affect the major element composition of the mafic melt more significantly that what we observe. Estimates 
of the CO2 from the SiO2 concentration are only 1.14 wt% CO2 addition for sample R107 (Chapter 2).  
 




REE melt models are typically useful in quantifying the proportion of garnet in an enriched mantle source, 
in instances where carbonatite influence is negligible. Garnet is the only mantle mineral in abundance 
with partition coefficients that are significantly different for each of the HREEs (D. H. Green and 
Ringwood, 1967; Hofmann, 1988). Estimates of melt depth (See Chapter 2) for some primitive mafic 
melts exceed 100km, and originate at pressures and temperature conditions where garnet is the 
predominant Aluminum bearing phase (D. H. Green and Ringwood, 1967; O'Hara et al., 1971; J. A. C. 
Robinson and Wood, 2013). HREE melt models have been successfully employed elsewhere in the EAR 
to quantify mantle garnet in the source using (Tb/Yb)Npm vs (Yb)Npm and Sm/Y vs La/Sm (Class et al., 
1994; Mana et al., 2012). These models are not applicable to Rungwe samples, which are more enriched 
to fit in the boundaries of these melt models. The La/Sm would predict a partial melt fraction <2% and 
Sm/Y with indicating garnet <2wt%, with samples plotted in a range outside the model. The great majority 
of mafic samples have 1.5 < (Dy/Yb)Npm < 2, similar to many global OIBs but with higher (La/Yb)Npm than 
most OIBs. The high eNd and high Pb isotopic groups contain samples in both (Dy/Yb)Npm and (La/Yb)Npm 
that approach the values of carbonatite samples (Figure 16). Simple addition of carbonatite is limited to a 
maximum of 5.8 wt% CO2 based on the modification of the major element composition (See chapter 2). 
Addition of ~5% of carbonatite trace element compositions does not produce the large ranges in REE, or 
the high concentrations observed in some Rungwe melts, necessitating enrichment beyond simple 
carbonatite addition. It is impossible to discern what proportion of the HREE fractionation comes from the 
melting of garnet in the source and what proportion was induced by addition of carbonatite. Both can 
affectively fractionate the HREEs, deplete and fractionate HFSEs in the resulting melt.  
 
4.4.5. Lithosphere-Asthenosphere Mantle Source 
The composition and isotopic identity of Rungwe melts implies there is limited influence of the lithospheric 
mantle. Rungwe Sr-Nd isotopic range is relatively uniform between CHUR and EMI when compared to 
other provinces in the EAR (Furman and Graham, 1999), and new isotopic data from this study has not 
increased the range significantly. By contrast, peridotite xenoliths from the Tanzania Craton show great 




to discern lithospheric and asthenospheric sources. The comprehensive dataset of noble gas isotopes 
only yields two measurements on separate CPX aliquots and one olivine with a lithospheric value (CPX 
from RNG-6 from Kyejo, RNG-5 and RNG-2 from Tukuyu) (Halldórsson et al., 2014; Hilton et al., 2011), 
within the prescribed 6.1±0.9 range of sub-continental lithospheric mantle (R/Ra notation, or the 3He/4He 
ratio of sample/atmosphere) (Gautheron and Moreira, 2002). Lithospheric melts typically have a lower 
Nb/La than those from the asthenosphere (Smith et al., 1999; Talukdar et al., 2018), but Nb/La ratios 
would be preferentially influenced by metasomatism induced by subduction than other forms. Rungwe 
melts have Nb/La>0.5, consistent with global OIBs that are derived from an asthenospheric source, albeit 
at a lower Zr/Sm than most OIBs (Figure 16). The samples approaching phosphate-bearing cratonic 
lithospheric xenoliths from Tanzania by this metric are the high Pb group (Figure 16) (Rudnick et al., 
1993). Melt depth estimates are largely compatible with P- and S-wave models of asthenospheric mantle 
flow upwelling into a significantly thinned lithospheric structure immediately under Rungwe (Grijalva et al., 
2018; O'Donnell et al., 2015; 2013).  
 
Chemical systematics of the olivine populations analyzed in Rungwe melts suggest a derivation from a 
peridotite source. Melts derived from a peridotite will crystallize olivine with higher Mg#, CaO and MnO 
and lower Ni (ppm) than when derived from a pyroxenite (Foley et al., 2013; Sobolev et al., 2007). The 
olivine population analyzed approaches Mg#=89.6, Ni<3200ppm, and CaO<0.5 wt% (Figure 25). 
Xenocrystic olivines appear to be derived from more magnesian mantle source with Mg#>90 (Figure 25). 
Primitive mafic Rungwe samples (MgO >7wt%), and their calculated primary melt compositions, are high 
enough in CaO to be derived from peridotite partial melt, but likely accumulate or fractionate CPX 
according to PRIMELT criteria (Herzberg and Asimow, 2015; 2008).  
 
Melt depletion of continental lithosphere lowers the FeO wt%, this compositional difference makes the 
residual positively buoyant vs the enriched convecting mantle (King and Anderson, 1998). Repeated 
refertilization events by impinging mantle upwellings impregnate low-fraction melts and create density 




destabilization of the lithosphere-asthenosphere boundary. This cycle can iterate several times because 
of the longevity of continental lithosphere, particularly at cratons. Compositionally enriched, upwelling 
mantle focuses melting into topographically thinned regions of the continental lithosphere (Ebinger and 
Sleep, 1998; Tepp et al., 2018). The Tanzanian Craton edge appears to serve as a means of 
concentrating melts to %F high enough to escape to the surface through barriers of colder stable 
lithosphere and thick crust. This effect is more prevalent on the eastern margin of the Tanzanian Craton, 
resulting in enhanced magmatism in the Eastern Branch of the EAR (Koptev et al., 2016; 2015). The 
same effect occurs on the eastern boundary of the Bangweulu block initiating Rungwe magmas (Grijalva 
et al., 2018), either on a smaller scale or in a more juvenile stage.  
 
4.4.6. Comparison of Mafic Groups within Rungwe  
Samples from two morphologically young scoria cones and surrounding lava fields suggest they are 
sourced from a chemically distinct mantle composition and samples from this unit are categorized as high 
Pb cumulates. Ar-Ar dating as well as morphology indicate that these eruptions are very young at 
~0.04Ma. Flow features (aa and pahoehoe) are visible on surfaces of the cones. Izumbwe cone is used 
as a pumice quarry which gives a cross sectional view of the sequence of pyroclastic debris near the 
peak. Many samples are highly vesicular with phenocrysts occupying the intersection of vesicles. 
Phenocrysts of olivine are most abundant, while CPX is present, especially in samples from the Izumbwe 
cone.  
 
All eight samples are SiO2 undersaturated (41.9-43.2 wt%) suggesting the presence of CO2 in the 
parental melt. The elevated, large range in MgO suggests that olivine accumulation is a characteristic of 
all samples despite varying amounts and olivine observed in hand sample. Variation diagrams highlight 
the anomalously low SiO2, Al2O3, TiO2 of these samples. Samples are also high in CaO and P2O5, even 
after fractionation correction to their primary melt. The overall lower abundances of incompatible elements 
versus other carbonated samples can be due to the dilution effect of accumulated olivine. Trace element 




attributed to varied melt fraction of the same source. High SiO2/Al2O3, CaO/Al2O3, Ce/Nb, Zr/Hf and low 
Ti/Sm, Hf/Nd, Hf/Sm are consistent with a proportion of carbonatite in the source. Low Nb/Ta suggests 
minimal influence of a highly carbonated source.  
 
There are indications of CPX and plagioclase fractionation from these melts. The chromium content is 
highly variable (Figure 11). While CPX is observed in hand samples, the quantity is highly variable. The 
primitive mantle normalized Sr and Eu anomalies are <1.0 and lower than other mafic samples (Figure 3, 
Figure 12), a characteristic of plagioclase loss.  
 
The high Pb isotopic group originated from an asthenospheric source with an elevated He isotope 
signature. The Ba/Rb and Sr/Rb values approach primitive mantle indicating these samples are the least 
influenced by metasomatic amphibole in the lithosphere (Figure 13). Melts are isotopically unique to the 
remaining Rungwe samples analyzed. They possess more radiogenic Pb than any other samples 
analyzed, despite overlapping values with the more extreme values EMI style Sr, Nd, and Hf isotope 
samples from the rest of the province. There are other indications of lithospheric influence. The inclusion 
of a xenocrystic population of olivine must have been incorporated from the lithospheric mantle that the 
melt encountered. The Nb/La value is closer to lithospheric values than all other samples (Figure 16).  
 
Melt ascent rates must have been higher for the high Pb cumulate group than any other sample. Olivine 
is the first phase to crystallize in silicate melts like those of Rungwe. Being denser than the melt it has 
crystallized from, olivine will accumulate at the base of any body of silicate, leaving other portions of that 
body without olivine. Volcanic samples that contain cumulates of olivine phenocrysts then must represent 
the base of a magma body that had time to pool, crystallize olivine, and for that olivine to settle, prior to 
eruption. While some sample from the total volume of erupted material can exhibit accumulated phases, 
like olivine, there should also be a complimentary volume of erupted material with olivine ‘missing’ from its 
composition. Ascent rates must be sufficient to dislodge olivine xenocrysts from the melt channel, and 




from the Mpoli and Izumbwe cones from this study, and others, were collected from points near the 
edifice of the eruption. Bias in the sampling location due to availability, or the scientific motives has 
resulted in no geochemical samples without significant olivine cumulates.  
 
Olivine cumulate samples vary in composition and even texture to pico-basalt samples that have been 
sampled at Rungwe. A picro-basalt is defined as any sample with 41 > SiO2 wt% > 45, total alkalis 
(Na2O+K2O) < 3 wt%, but Rungwe samples have MgO < 12 wt% (true picrites require MgO>12wt%) (Le 
Bas, 2000). In texture, picro-basalt samples (R107, R018) appear to contain moderate olivine, but not in 
the abundances observed in the cumulate samples. Instead, picro-basalt samples contain the highest 
modal olivine of samples without olivine accumulation.  
 
Plume asthenospheric upwelling from the deep mantle is most prevalent in melts from the past 1.17 Ma-
present. Melting is facilitated at depth by a composition high in carbonatite fluids. Silicate melt is less 
dense than its source and rises to the surface because it is positively buoyant (Turcotte and Schubert, 
2014). Carbonatite melt is both less dense than and more viscous than silicate melt (Kenney-Benson et 
al., 2014), both properties facilitate melts transport to the surface. Melts are susceptible to freezing in 
place before eruption, especially when only low volumes of melt exist. A lower Ba/Rb ratio could suggest 
that interactions with metasomatic phases (like amphibole) in the lithospheric mantle are suppressed by 
more efficient transport through the lithosphere where they reside. In this scenario, Ba/Rb should be 
higher for melts that are more significantly affected by amphibole in the lithosphere (Figure 13). 
Phlogopite is stable to greater depths than amphibole, and does coincide with the melt depth estimates 
(Class and Goldstein, 1997b). High ascent velocities, the product of highly carbonated melting, are 
necessary to dislodge and propel denser xenocrystic olivine from melt channels in the continental 
lithospheric peridotite.  
 




Low eNd samples preferentially originate from volcanic centers in the Rungwe caldera complex, or Poroto 
range (Ngozi caldera), while high eNd values are focused in the peripheral areas of Kyejo, Tukuyu, atop 
the Elton Plateau, Mbeya block, Mbozi block, and Usangu Basin (Figure 2). An E-W striking gap between 
-8.9 and -9.1 latitude exists where no high eNd samples have been analyzed. This eNd isotopic 
depression encompasses melts emanating from the Poroto Range, and overlaps with the narrow fracture 
accommodation zone between the Malawi and Rukwa rift segments, schematically mapped in earlier 
work (Ebinger et al., 1989). SiO2, K2O, and Pb suggest these samples are the mafic melts least 
influenced by carbonate fluxed melting, as they are slightly more evolved toward their felsic counterparts. 
High Th/U and D8/4 Pb suggest that melts inherited an ancient, fractionated composition (Figure 18). A 
large deviation from CHUR, particularly in the positive eSr direction typically indicates an interaction of 
basaltic melt with the lithosphere or continental material upon ascent. Sample TAZ09-12, at eSr=+34 is 
the only strong outlier in the eSr system. This sample is also an outlier in Pb-isotopes with extreme low 
206Pb/204Pb and high 208Pb/204Pb creating an exceptionally high D8/4Pb (accompanying a high Th/U). This 
sample has been used as the lithospheric endmember in a mixing model by Castillo et al. (Castillo et al., 
2014). Yet, this sample has a He-isotopic value that is asthenospheric (MORB-like). With no lithospheric 
noble gas inheritance, interaction sufficient to diffuse incompatible elements seems difficult to reconcile.  
 
High eNd sample group show far less variation in Sr-Nd isotope space. This larger group of samples 
(n=34 samples) overlaps with CHUR in both eNd, eSr, and eHf values. He-isotope values are MORB-like 
(R/Ra 8±1), not elevated to suggest contributions from a deep primordial mantle source. With the He-
isotopes as context, eNd, eSr, and eHf values may be described as approaching a DMM-like source. Pb-
isotope characteristics, however, are modified by compositions previously described. These high eNd 
samples largely overlap with the low eNd samples, felsic samples, and carbonatites in Pb isotope values. 
The one notable difference is that these samples are not as strong outliers in 208Pb/204Pb and D8/4Pb 





Lithospheric mantle assimilation by low-degree asthenospheric melts manifests itself in different, even 
competing ways, for the low and high eNd groups. Sample TAZ-09-12, with an endmember composition in 
eSr, 206Pb/204Pb, and 208Pb/204Pb, is an obvious candidate for mixing with a lithospheric endmember. This 
potassic trachy-basalt is the product of an eruption from the Rungwe caldera, and is therefore evolved 
with only MgO= 4.64wt% and SiO2=48.36 wt%. Despite this, it maintains a MORB-like He-isotopic 
composition (8.2 R/Ra), reflective of an asthenospheric melt source. High Ba/Rb indicates greater 
interaction with metasomatic amphibole in the lithosphere, yet the Ba/Rb = 29, unusually low for a sample 
proposed to be an endmember with maximum lithospheric inheritance.  Sample RNG-02 3He/4He = 6.42 
(R/Ra), being the only sample measured with a He ratio in the SCLM range (not MORB/asthenosphere, 
and not influenced by continental crust). One of many basanites near CHUR (eNd=-0.4, eSr=5), this 
sample from one of the southernmost distal flows of the Tukuyu shield is moderately evolved with MgO= 
6.76wt% while maintaining low SiO2=41.12 wt%, a value suppressed by carbonatite melting. RNG-02 also 
conforms to other mafic values in Pb-isotopes, being only slightly on the high end of 206Pb/204Pb =18.68. 
No trace elements were measured for RNG-02 so further comparison is not possible.  
 
Felsic samples have the same Pb-Nd-Hf (Sr slightly higher) as mafic samples. This makes the isotopic 
effects of magma evolution (fractional crystallization, wall rock assimilation, crustal inheritance) 
impossible to distinguish in isotopic space. It is notable that early Proterozoic crust, susceptible to 
interaction with melts, especially felsic ones, does not impose an exotic (particularly, a high eSr) isotopic 
signature on Rungwe melts. Andesites of the 1647± 15 Ma Buanji Group possess 143Nd/144Nd<0.512000 
(Manya, 2013), significantly lower than the range of 143Nd/144Nd at Rungwe.  
 
Trace element concentrations of carbonatite are easily distinguished from most common silicate melts, so 
their influence should be easy to identify by a few characteristic trace element ratios (Figure 8). 
Carbonatite melt would be a major contributor of REEs to silicate melt, with concentrations 2-20x greater 
than the alkali melts from Rungwe. For HFSEs Hf, Zr, and Ti carbonatite melt would serve to dilute, or 




incompatible Rb, Ba, Nb, Ta, and K can either enhance or dilute resulting silicate melts depending on the 
concentration of metasomatic silicate and oxide phases present. A white, carbonate rich sample R004 
would serve to dilute highly incompatible elements, other than Th. A carbonatite rich in phlogopite, micas, 
and oxides would enhance the highly incompatible trace elements.  
 
The effects of metasomatic amphibole and phlogopite are highly variable in both mafic groups (Figure 
13), though the entire mafic sample suite is higher than primitive mantle and therefore amphibole 
dominated. The large variations observed can be attributed to uniformly low melt fraction of silicate melts 
at Rungwe or highly variable interaction with heterogeneously distributed metasomatic phases through 
the lithosphere. This can be due to increased interaction time caused lower ascent velocities and pooling. 
Carbonatites also have a high Ba/Rb, so this ratio alone cannot positively identify the effect of amphibole 
in a system also presumed to contain carbonatite.  
 
4.4.8. Thermobarometry and Compositional Differences 
The dominant aluminous phase in the mantle changes with increasing depth from plagioclase to spinel to 
garnet, and pressures at which the spinel-garnet transition occurs have been determined by experimental 
petrology to be ~2GPa at 1200°C (Klemme and O’Neill, 2000). Depth estimates for mafic Rungwe melts 
are 52-101 km (1.47-3.02 GPa, Chapter 1), a range where mantle garnet should be present in the 
majority of melts inspected. Garnet is the only mantle constituent whose partition coefficients vary 
significantly for each of the HREEs (Pertermann et al., 2004). Melt products of garnet-bearing mantle 
peridotite exhibit fractionated HREEs (Hirschmann et al., 2003), where shallower melts from a spinel or 
plagioclase-bearing mantle should not. This principle can be used to construct a barometer, independent 
of the major element composition of melts (Ferguson et al., 2013). HREE ratios can serve as a simple 
indicator of the presence/prevalence of garnet, which can help to infer depths of melt. The effect on melts 
with residual garnet result in [Gd/Yb]n > 1 (HREE values that are primitive mantle normalized are denoted 
as [Gd/Yb]n ). Rungwe melts uniformly yield [Gd/Yb]n > 2, while some approach 4, providing some 




to be from a shallow depth significantly exceed [Gd/Yb]n > 1, suggesting that the mantle source is 
enriched. REE contributions come from phases other than garnet, that already possess a fractionated 
HREE pattern (i.e. carbonatite metasomatic veins), and therefore the use of primitive mantle normalized 
HREE to gage the degree of residual garnet is corrupted in volatile, carbonated systems. 
 
Carbonatites contain enrichments in heavy and middle REEs when compared to HFSE of similar 
incompatibilities (Zr, Hf, Ti) (Figure 8). This trend also holds true for carbonatite melt at depth as 
measured in diamond inclusions (Klein-BenDavid et al., 2009; Weiss et al., 2011), and can be extended 
to enrichment of REE over Sr. The variation in Sr/Sr* and Zr/Zr* vs depth can be linked to the varying 
significance of carbonatite to the melt (or contributions from carbonatite metasomatic veins) (Figure 17).  
 
Enrichment ratio values provide a more accurate method of differentiating between wholesale enrichment 
over generic primitive mantle values, because they normalize to an analogous melt assumed to have 
similar source characteristics (Figure 26, Figure 27). When administered carefully, these ratio values only 
reflect the differences in melt fraction between two melts (Class and Goldstein, 1997b). Enrichment ratio 
values within a pattern of any sample pair should increase toward the extremely incompatible elements, 
because these elements are more sensitive to even small differences in melt fraction. For the HREEs, 
which are among the least incompatible trace elements routinely measured, a plot of enrichment ratio 
patterns creates a higher bar for samples to exhibit an inclined heavy HREE pattern than normalization to 
generic values of primitive mantle. A majority of sample pair enrichment ratio patterns indeed exhibit the 
same enrichment ratio through all of the heavy HREEs (Figure 26, Figure 27). Here, each sample from 
the low and high eNd groups was normalized to one of the least enriched constituent melts. Sub-groups 
emerge from this method of plotting based on the relative enrichments of especially the highly 
incompatible elements (Rb, Ba, Th, U, Nb, Ta, K), which can only be interpreted as multiple, varied 





Some trace element and isotopic characteristics vary with potential temperature (Tp) and depth estimates 
for near-primary whole rock melt samples at Rungwe (Figure 17). These correlations help to differentiate 
between asthenospheric plume source variations and possible lithospheric influences by chemical and 
physical differences. Depth and Tp estimates help to confirm or critically evaluate certain characteristics 
which are assumed to be from the lithosphere, asthenosphere, or plume by giving these melts the context 
of a location in geographic (latitude, longitude), depth (pressure) and temperature space (and for a small 
subset the date of eruption in the context of rift initiation). The isotopic characteristics in 3He/4He and in 
Pb-isotopes, represented by several Pb-isotopic ratios, correlate with depth and Tp (3He/4He correlation 
coefficient R-value of 0.81 and 0.68, respectively). The most primordial 3He/4He measured comes from 
melts with some of the greatest estimated melt depths, consistent with a model of asthenospheric melting 
derived from an upwelling plume source with deep mantle origin. The Mpoli and Izumbwe lava field, in 
which all anomalously high 3He/4He (R/Ra) measurements were taken from, also yield highly radiogenic 
Pb isotope characteristics that are outliers in most Pb ratios. Pb isotopic characteristics, performed on far 
more samples than He-isotopes, also correlate well with depth estimates (206Pb/204Pb, 207Pb/204Pb, 
208Pb/204Pb all have correlation coefficient R-values>0.80). Weaker correlations between 208Pb/207Pb and 
208Pb/204Pb and Tp exist (correlation coefficient R-value of 0.74 and 0.71, respectively). The origin of the 
high Pb cumulate melts was deeper than most other melts in the province, possessed anomalous, 
primordial He-isotopes, as well as anomalous radiogenic Pb.  
 
Estimated depths for near-primary melts in the Rungwe province also vary with certain major and trace 
element concentration ratios. Ratios comparing the HFSE Nb with LREEs Nd, La, and Ce (Nd/Nb, Nb/Ce, 
Nb/La and their reciprocals) correlate well with depth. There are also a greater proportion of samples with 
depth estimates that also have been analyzed for these REEs (88 samples). In all cases, the LREE is 
preferentially enriched in samples generated at greater depths when compared to Nb. Nb is more 
incompatible than all of the LREEs, and therefore should be preferentially enriched in melts with a lower 
melt fraction from the same source composition. An alternative explanation is that Nb is held back by a 




2012). Measures of individual HFSE, and Sr deviations below nearby bracketing REEs decrease with 
depth (Figure 17). These ratios are a measure of the deviation away from their bracketing primitive mantle 
normalized ratio values, first popularized by the Eu/Eu* values used to quantify the fractionation of 
plagioclase in MORB melts. The lower relative HFSE concentrations (Nb/Nb*, Zr/Zr*, Hf/Hf*) are from the 
deepest melts. Melts derived from carbonated mantle are known to be significantly depleted in HFSE (Nb, 
Ta, Hf, Zr, Ti) with respect to REEs of nearly equal incompatibility, which are significantly enriched. These 
trends are an indicator that it is the upwelling asthenospheric mantle source contributing the geochemical 
signatures of carbonated peridotite source, and not the shallower lithosphere. Melt equilibration depth 
estimates are negative throughout the majority of Sr/Sr* values (more negative from melts at great depth). 
The samples with Sr/Sr*>1 likely had the opportunity to crystallize plagioclase, a mineral in which Sr is 
compatible. The major element ratio CaO/Al2O3 also increases with estimated depth with the majority of 
samples with a CaO/Al2O3 <1 at estimated depths shallower than 80km, and all values CaO/Al2O3 >1.3 
are deeper than 80km depth.  
 
4.4.9. Comparison to Other OIBs 
The unique Pb-isotopic characteristics exhibited by Rungwe melts are shared by current OIB sources in 
the South Atlantic. If the DUPAL Pb-isotopic characteristics are sourced from a deep-sourced mantle 
plume with a long term (~200Myr) fixed position over the southern edge of the LLSVP, the continental 
lithosphere under Rungwe could have inherited this unique Pb composition during the continent’s 
northward migration. The DUPAL isotopic fingerprint was imposed upon the continental lithosphere at a 
time on or before 170Ma when this region of the continent was occupying a latitude which currently 
overlies the hotspots in the South Atlantic. Provided this Pb signature is both asthenospheric and long 
lived over a fixed location in the present day South Atlantic. The paleogeography of this portion of the 
African continent was ~45 degrees South, within approximation of the present day boundary of Tuzo (the 





The strength of the DUPAL anomaly can be quantified by the Δ8/4 Pb value, which is the deviation from 
the Northern Hemisphere Reference Line (NHRL) in a 208Pb/204Pb vs 206Pb/204Pb plot (equation for Δ8/4 
Pb = 1.209* [206Pb/204Pb] + 15.627 (Figure 18). Similarly the Δ7/4 Pb = 0.1084 [206Pb/204Pb] + 
13.491) (Hart, 1984) (Figure 18). There are a number of OIB groups which exhibit DUPAL Pb 
characteristics, the most cited are the OIBs and seamounts in the South Atlantic associated with the 
Walvis Ridge, Gough, Tristan da Cunha. Outside the South Atlantic, Heard Island and the Kerguelen 
Plateau in the South Indian, and Pitcairn in the South Pacific contain many samples with stronger DUPAL 
anomalies than those observed in the South Atlantic. The DUPAL anomaly at Rungwe is as large as any 
OIB group, at 53 < Δ8/4 < 261.  
 
The Pb isotope characteristics of the EMI mantle endmember groups largely coincide with the DUPAL 
anomaly. OIBs with a strong DUPAL anomaly (high Δ8/4 Pb) also possess lower Hf, Nd and higher Sr 
isotope ratios than other OIB groups, and Rungwe is no exception. Geochemical abundances 
differentiate DUPAL from other OIBs. Relative to other OIB groups, DUPAL mafic lavas yield 
systematically higher Ba/Nb, Ba/Rb, lower U/Pb ratios. A plot of Sr/Ba vs Ba/Rb has been used to 
highlight the effects of continental lithospheric metasomatic phases amphibole and phlogopite on mafic 
melts (Furman and Graham, 1999) (Figure 13). The variable Sr/Rb of many OIB groups reflects some 
influence of metasomatic phlogopite. Unlike many OIB groups, Rungwe exhibits a wide range of values 
that indicates influences primarily from amphibole, but also from phlogopite to a lesser extent or in fewer 
samples. The Th/U ratio of OIB samples increases with the Delta 208Pb/204Pb (Figure 18). An excess of 
208Pb/204Pb with respect to 207Pb/204Pb and 206Pb/204Pb would be expected to correlate with higher Th/U in 
the melt because 208Pb is the daughter product of 232Th, while 207Pb and 206Pb are products of U-isotopes. 
Rungwe melts have unique HFSE behavior when compared to all OIBs. The Hf/Hf* for Rungwe melts sits 
outside all OIBs and especially DUPAL (Figure 20).  
 
Rungwe differentiates itself in major elements from other DUPAL groups (predominately Δ8/4 Pb > 75) 




The REE ratio Sm/Nd of Rungwe is lower than all of the OIB groups it has been compared to. These 
differences suggest that Rungwe samples are lower degree melts, possibly with enhanced melting from 
an originally carbonated source, or suppressed silicate melting from a thick lithospheric lid. 
 
4.5. Conclusions  
The objective of this study is to gain insights into the composition of the source and the conditions of 
melting, and to better resolve the nature of the roles of asthenospheric and lithospheric contributions to 
melts in a continental rift. Major and trace elemental concentrations, as well as isotopes, eruptive ages 
and estimated pressures and temperatures are used to build a more comprehensive model of melt 
generation than could have been done with previous datasets. Rungwe melt compositions are compared 
in detail to a global OIB dataset to test if plume contributions here are of a similar origin or composition to 
plumes elsewhere. The comparison of Rungwe melts to OIBs is justified given the isotopic indicators of 
an asthenospheric plume origin, and bolstered by screening the Rungwe compositions for possible 
modification by surface alteration or weathering, crystal fractionation, or contamination by the 
subcontinental lithosphere or continental crust.  
 
In a unified plume-centric model for the entire EAR, the broad variations in isotopes and geochemistry 
observed throughout the region are attributed to modifications of an initial common composition through 
interaction with continental lithosphere with wide ranges of ages and compositions (Castillo et al., 2014). 
This implies that upwelling asthenospheric mantle parent to the entirety of EAR melts is of a single 
composition prior to interaction with the continental lithosphere. The expectation of a compositionally 
uniform plume over an area the size of the EAR, or even under Rungwe for a sustained period of ~25Ma, 
is unreasonable given that we observe significant isotopic variations in composition for the same plume, 
in some cases even the same ocean island, for volcanoes under oceanic lithosphere (Farnetani et al., 
2012; Rohde et al., 2013). This study could not find a binary mixing model to satisfy the wealth of new 
chemical and isotopic measurements obtained. However, certain geochemical indicators do reveal 




melts from Rungwe vary by as much or greater than the range observed in global OIB melts in a number 
of trace element concentrations and ratios (Furman, 1995). Contributions from the continental lithosphere 
must be limited for melts to preserve the primordial He isotope signature. The intersection of geological 
terranes in which Rungwe volcanoes originate suggest a sizable variety of possible lithospheric 
influences likely to contribute to melts within the small geographical footprint of the province. An old, 
metasomatized continental lithosphere, with anomalously high concentrations of certain incompatible 
elements, and rare mineralogies that significantly alter the bulk partition coefficient, has the ability to alter 
an asthenospheric melt with even small contributions. 
 
Estimates of melt depth range from 52-101 km (Chapter 2). A seismic low-velocity zone confined to 
similar depths and focused to an area directly beneath the volcanic province has been resolved from 
models of the SEGMeNT seismic array (Accardo et al., 2019; Grijalva et al., 2018; Shillington et al., 
2016).  
 
Temperature estimates from melts require the source to be volatile-rich. Estimates of H2Omax = 3.9 wt%, 
and CO2 max=5.8 wt% depress the temperature of melting sufficiently to produce melt in volumes to erupt. 
Almost no Rungwe melts modeled achieve a potential temperature sufficient to sustain dry silicate 
melting.  
 
Rungwe melts are primarily derived from an asthenospheric plume source. This source can be defined 
isotopically. Noble gas isotopic analyses on phenocrysts in over 50 lavas reveal contributions from a 
deep, primordial asthenospheric reservoir is prevalent in the melt source of Rungwe (Hilton et al., 2011). 
The same study shows that He-isotopic contributions of melt derived from the continental lithosphere are 
nearly non-existent, contradictory to previous conclusions about a lithosphere-dominant source of 
Rungwe melts (Furman, 1995; 1994; Ivanov et al., 1998). Isotopic Sr-Nd-Hf span a range from CHUR 
toward the EMI endmember of the mantle array. While the majority Pb-isotopic values are extremely 




impressive span of values for one province to possess. These high-Pb isotopic outliers achieve the most 
primitive He3/He4 values and appear to be minimally influenced by lithospheric contaminants, with low 
Ba/Rb, Sr/Rb. OIB samples with a similar Sr-Nd-Pb-Hf isotopic fingerprint are rare. The only samples in 
the global OIB dataset are the Azores plume, dubbed a wet-spot (in contrast to a hotspot)(Métrich et al., 
2014). Temperature estimates for the Azores plume are not significantly elevated over the ambient 
mantle, and volatile estimates are high. Isotopic similarities, as well as melt conditions suggest that similar 


































Figure 1. The Cenozoic magmatic activity of the East African Rift from the Geologic Map of Africa 
(Thiéblemont, 2016), modified from Rooney (Rooney, 2017a). Surface extent of volcanic deposits 
are mapped by period of eruption. Major volcanic regions, provinces, landforms, and relevant 
bodies of water are labeled. Major continental faults (black lines) are from ESRI Data+ (2001). 







Figure 2. Rungwe Volcanic Province sample distribution. Samples are grouped according to their 
composition and isotopic signature (discussed in the text). Sample ID and coordinates included in 
Table 1. Inset depicts the location of the map within SW Tanzania, East Africa. Shaded relief 
overlay is a NASA SRTM digital elevation model (geomappapp.org). Labels for common volcano-









Figure 3. Primitive mantle normalized incompatible trace element diagrams of original samples 
from groups delineated by major element and isotopic variations defined in Figure 6. Sample Mg# 
(calculated molar Mg/[Mg+Fe], with all Fe as FeO) accompanies all samples listed. Grey Field 
depicts the extent of all measured Rungwe samples in this study. Color of sample lines after those 
in Figure 2, with shade variations. Plots of enriched MORB (Gale et al., 2013), and EMI (Hofmann, 
2014), and references therein, are superimposed upon the original samples for comparison. 
Normalization values for primitive mantle from Palme & O’Neill (Palme and O’Neill, 2014).TOP: All 
original samples identified as cumulates with >12.5wt%MgO from the high Pb (red), and low Nd 
(dark green) groups. High Pb group is further separated into red and dark red colors by 
concentration of Chromium (see Figure 11). Dark red have high Cr: R031=760ppm, R032=827ppm, 
and red have low Cr: R034=118ppm, R035=370ppm, R104=294ppm. MIDDLE: Select samples 
belonging to the high Nd mafic group. Samples R107, R108, R115, and R109 are Mg#>60 samples 
while R074 and R011 are Mg#<50. Samples R107 and R108 are the only two samples classified as 
picro-basalts in IUGS classification. BOTTOM: Select samples belonging to the low Nd mafic 
group. Samples R063, R106, R040, R044 are the highest MgO samples from this group Mg#58 and 








Figure 4. Common two dimensional projections of isotope ratio compositions for Rungwe 
samples and surrounding carbonatites, and global OIB samples compiled for this study (from 
earthchem.org). Format, color, and symbology of original data points as in Figure 2. Key for 
published symbols included in this plot. The area of each plot characteristic of mantle isotopic 
compositions of HIMU, EM-I, and DMM is labeled for reference (Stracke, 2012; Stracke et al., 2005). 




defined as [207Pb/204Pb] = 0.1084*[206Pb/204Pb] + 13.491 (Hart, 1984), is plotted for reference. A 4.56 
Ga isochron line (dashed green) is plotted for reference. BOTTOM LEFT: 208Pb/204Pb vs 206Pb/204Pb.  
The NHRL (Solid black) in a 208Pb/204Pb vs 206Pb/204Pb plot is defined by the equation [208Pb/204Pb] = 
1.209* [206Pb/204Pb] + 15.627 (Hart, 1984). TOP RIGHT: 143Nd/144Nd vs 87Sr/86Sr. CHUR values of 
87Sr/86Sr = 0.7045 and 143Nd/144Nd=0.512638 have been plotted with dashed lines. BOTTOM RIGHT: 
176Hf/177Hf vs 143Nd/144Nd. CHUR values of 143Nd/144Nd=0.512638 and 176Hf/177Hf = 0.282772 have 









Figure 5. Criteria for group designations in samples chemically and isotopically analyzed for 
Rungwe Volcanic Province. Format, color, and symbology of data points as in Figure 2. Sample 
TAZ09-12, an isotopic outlier in Sr-Nd-Pb, has been labeled in isotopic plots (Castillo et al., 2014). 
Outlier samples from this study have been individually labeled as “alt” for altered (see Figure 12), 
+/-CPX for clinopyroxene accumulation or fractionation (see Figure 13), +plag for plagioclase 
accumulation or fractionation (see Figure 14), and +C for carbonatite influenced (see Figure 17).  
TOP: Whole Rock SiO2 vs MgO wt% in samples from Rungwe. The felsic group is defined by SiO2> 
52 wt% in this and all subsequent plots for the purposes of this study. Samples containing MgO> 
12.5 wt% have been designated as olivine cumulates. Mafic samples with SiO2< 52 wt% and MgO< 
12.5 wt% for the majority of the samples in this study and are further subdivided by isotopes. Six 
carbonatites (gold triangles) with major elements oxides analyzed contain 1.04-14.51 wt% SiO2, 
and 0.51-28.61 wt% MgO (deficit in the sum attributed to CO2 not measured as a major element 
oxide). Carbonatites all plot outside the range depicted in the SiO2 vs MgO plot. MIDDLE: eNd vs 
eSr for silicate samples from Rungwe and surrounding carbonatites. Epsilon values have been 
calculated samples using e = ([measured/CHUR]-1)*10000 with CHUR values of 87Sr/86Sr = 0.7045 
and 143Nd/144Nd=0.512638. Mafic samples with SiO2< 52 wt% and MgO< 12.5 wt% can be further 
subdivided by their eNd value, dark blue squares eNd > -2, and green diamonds eNd < -2. All 
cumulates also happen to have eNd < -2. A majority of carbonatite samples have eNd < 0, and eSr 
< 0, not overlapping with the Rungwe group. Five felsic samples analyzed for isotopes overlap in 
eNd and eSr with the range of mafic samples.  BOTTOM: 208Pb/204Pb vs 206Pb/204Pb for samples 
from Rungwe and surrounding carbonatites. Notable 3He/4He (R/Ra) values are printed on certain 
outlier samples. Outliers in radiogenic Pb are used to define a sub-group of cumulate samples. 
These cumulate Pb isotope outliers (red circles) differentiate themselves from other cumulates 
(green diamond) that are indistinguishable in Pb isotope space from other mafic samples 
measured. The radiogenic Pb cumulate samples also contain the highest 3He/4He values 
measured in the province, with endmember R/Ra values labeled on samples in the plot (R/Ra 
notation, or the ratio of R= sample 3He/4He corrected for a minor air derived component and Ra = 
3He/4He of atmospheric air (Hilton et al., 2011)). The high Pb isotope olivine cumulate group are 
also restricted by geography (volcanic unit). These samples are from the Mpoli and Izumbwe 
monogenetic cones lava field in the northwest of the province (Figure 2). Other olivine cumulate 
samples (green diamonds) are distributed throughout the province. Mafic samples from the high 
and low eNd groups and cumulates occupy the same Pb space as many carbonatite samples, the 
latter extending to more extreme higher and lower 208Pb/204Pb values. Low eNd mafic samples 
(green diamond) possess higher 208Pb/204Pb than high eNd mafic samples (blue) of similar 
206Pb/204Pb value, resulting in higher Δ8/4 Pb values (Figure 21). The Pb isotope characteristics of 






Figure 6. Bivariate plots of major element oxide concentrations and ratios for Rungwe samples 
and surrounding carbonatites that highlight the differences between mafic groups. Format, color, 
and symbology of original data points as in Figure 3. TOP LEFT: SiO2/Al2O3 vs Mg# for silicate 
samples from Rungwe. Sample Mg# (calculated molar Mg/[Mg+Fe], with all Fe as FeO). Cumulate 
samples range Mg# 70-80, but high Pb cumulates contain significantly lower Al2O3 creating higher 
SiO2/Al2O3. Two mafic groups (high and low eNd) cannot be distinguished in Mg#, but low eNd 
samples dominate Mg#<47. Carbonatite values span a wide range in Mg# (18.5-93.4) and 
SiO2/Al2O3 (4.4-120). TOP RIGHT: SiO2/Al2O3 vs CaO/Al2O3 for silicate samples from Rungwe. Felsic 
group samples share the same SiO2/Al2O3 values as their mafic counterparts, but far lower 
CaO/Al2O3~0.1. Cumulates (dark green diamond, red circle) are higher SiO2/Al2O3 than all mafic 
samples (light green diamond, blue box), and higher CaO/Al2O3 than most mafic samples. The two 
groups of mafic samples largely overlap, but outliers high in CaO/Al2O3 are high eNd samples and 
outliers low in CaO/Al2O3 are low eNd samples. High Pb cumulates (red circles) are even more 
extreme SiO2/Al2O3 and CaO/Al2O3 values than general cumulates. Carbonatites plot outside the 
scale of the graph because they possess high SiO2/Al2O3 (4.4-120), and even higher CaO/Al2O3 
values (13-394). BOTTOM LEFT: Al2O3 vs TiO2 for samples from Rungwe and surrounding 
carbonatites. Felsic samples contain high Al2O3 and low TiO2, while cumulates have lower Al2O3 
and TiO2 than their mafic counterparts. Carbonatites contain TiO2<1 wt% and Al2O3 < 1 wt%. R005 
contains ~3wt% Al2O3 due to abundant phlogopite, an Al-bearing phase. BOTTOM RIGHT: 
SiO2/MgO vs CaO/Al2O3 for silicate samples from Rungwe. The SiO2/MgO values of the felsic 
group plot above the bounds of the scale of the graph and possess far lower CaO/Al2O3~0.1, than 




and plot exclusively above 1 in CaO/ Al2O3. Low eNd mafic group is higher in SiO2/MgO and lower 





Figure 7. Bivariate plots of trace element ratios in which high and low eNd mafic groups have 
statistically significantly different values. Format, color, and symbology of original data points as 
in Figure 2. TOP: K/Nb vs K/U for silicate samples from Rungwe. Mafic samples with low eNd 
values (light green diamond) and high Pb cumulates (red circle) are higher in K/U and K/Nb than 
their high eNd counterparts (dark blue boxes). BOTTOM: Pb/U vs K/U for silicate samples from 
Rungwe. The inverse of the canonical U/Pb ratio (Pb/U) is plotted instead so that a common 
element, Uranium, is in the denominator for variables plotted on both axes and mixing between 
two endmembers is linear. Mafic samples with low eNd values (light green diamond) and high Pb 
cumulate samples (red circles) are higher in K/U and Pb/U than their high eNd counterparts (dark 
blue boxes). However, the Pb/U value does not appear to vary over the full range of K/U in the high 
eNd samples (average of the 38 samples is a U/Pb = 0.294±0.044, 1s, more than double the 
primitive mantle U/Pb=0.124 (Palme and O’Neill, 2003)), as indicated by the nearly flat line of linear 
regression through the original samples. The low eNd samples possess higher Pb/U and K/U 





Figure 8. Primitive mantle normalized incompatible trace element (spider) diagrams the extent of 
Rungwe samples vs two carbonatite samples. Grey field depicts the extent of all measured mafic 
silicate samples that have been analyzed for trace elements. Individual lines represent 
characteristic samples of each of the designated mafic groups, and are colored correspondingly 
to Figure 3 key. High Pb sample R034 (red), high eNd sample R045 (dark blue), low eNd sample 
R063 (light green), and low eNd cumulate sample (R075) are all MgO>8wt% basaltic lava 
compositions from each of the designated mafic groups. R004 (dark grey line) is a carbonatite 
from Panda Hill that is composed almost entirely of interlocking calcite with accessory apatite 
phenocrysts identifiable under binocular microscope in crushed and sieved grain populations and 
in thin section. R004 is almost completely devoid of any dark minerals (micas, amphiboles, 
oxides), or silicates. R005 (light grey line) is another carbonatite from Panda Hill that is densely 
populated with dark micas, giving the sample a dark black appearance in hand specimen. Purple 
stippled lines represent the published range of incompatible trace element concentrations in high-
Mg carbonatite HDF from diamond inclusions UDC-244 (Mg#85, dark purple) (Weiss et al., 2011), 
and KAN-383 (Mg#51, light purple) (Weiss et al., 2013). Normalization values from Palme & O’Neill 






Figure 9. Primitive mantle normalized incompatible trace element diagrams with outlier samples 
plotted. Samples especially labeled as outliers in bivariate plots from Figures 12-14, 17 are plotted 
here. Grey Field depicts the extent of all measured samples from Rungwe. Color of sample lines 
after those in Figure 3, with variations to highlight differences noted. Plots of average continental 
crust (CC) is superimposed for comparison to felsic and altered samples (Rudnick and Gao, 2014). 
Individual samples are labeled with designated marker in later plots where appropriate. 
Normalization values for primitive mantle from Palme & O’Neill (Palme and O’Neill, 2014).TOP: 
Characteristic samples highlighting the effects on incompatible trace elements of incorporating 
large quantities of carbonatite (+C) into the melt are R069, R081, R082. Mafic samples with CPX 
accumulation (+CPX) from the high eNd group (R029). A sample exhibiting plagioclase 
accumulation from the low eNd group (R099) is labeled (+plag) in this and subsequent later plots. 
Sample R038 depicts fractionation of CPX (-CPX) for a low eNd mafic sample. BOTTOM: Two felsic 
samples, R023 and R117, highlight the direction that magma differentiation influences an 
incompatible trace element pattern. Samples R064 and R101 are presumed to have been altered 
(labeled alt) by surface processes subsequent to emplacement that has affected the trace element 






Figure 10. Bivariate plots of (Ce/Ce*) Npm vs Y (ppm) for silicate samples from Rungwe and 
surrounding carbonatites. Format, color, and symbology of data points as in Figure 3 key. Outlier 
samples R064 and R101 are labeled as altered (alt) here and in other relevant plots. The Ce/Ce* 
value is the deviation of the Ce concentration away from the primitive mantle normalized value 
expected by a line through neighboring REEs La and Pr, calculated Ce/(La0.5 * Pr0.5), where all 






Figure 11. Bivariate plots of showing the variation of Ni and Cr. Format, color, and symbology of 
data points as in Figure 3. Mg# = [(MgO+FeO)/MgO] in %molar and with all Fe as FeO. Note log 
scales on concentrations in ppm. LEFT: Whole rock Ni (ppm) vs Mg# of mafic samples measured. 
Differentiated magmas possess low Mg#’s and low concentrations of Ni, while olivine cumulate 
samples possess high Mg# and Ni concentrations. Mafic samples of both high and low eNd 
groups are strongly correlated between Mg# and Ni concentration. Picro-basalt samples R107, 
R108 are highlighted. RIGHT: Cr (ppm) vs Ni (ppm) of mafic samples measured. Differentiation line 
plotted for sample compositions with 2:1 ratio of Cr:Ni, a ratio common to most of the OIB 
samples surveyed, and idealized MORB compositions (Gale et al., 2014; Hofmann, 2014). Inset 
schematic illustration of the evolution curve of a modeled magma that has undergone olivine and 
CPX fractional crystallization due to the preferential affinity of olivine for Ni and CPX for Cr (Smith 





Figure 12. Bivariate plots depicting the chemical effects of plagioclase accumulation or 
fractionation for Rungwe samples and surrounding carbonatites. Format, color, and symbology of 
data points as in Figure 2. Normalization values for primitive mantle from Palme & O’Neill (Palme 
and O’Neill, 2014). LEFT: Sr) vs Mg# of all mafic samples (Npm is the Sr value normalized to 
primitive mantle). Dashed line illustrates the evolution in the concentration of Sr as Mg# 
decreases toward felsic values (Mg#<35). Arrow indicates two possible factors contributing to the 
large variation in the (Sr) Npm value observed in mafic samples. Carbonatite samples plot outside 
the bounds of the chart, but the range in Mg# is highlighted in gold. RIGHT: (Eu/Eu*)Npm vs 
(Sr/Sr*)Npm for all mafic samples. Silicate magmas which deviate significantly from the (1,1) point 
in this plot are presumed to have undergone accumulation or fractionation of plagioclase in the 
directions indicated by the arrow to varying degrees. Dashed line indicates direction of magma 
differentiation toward felsic samples outside the range of the plot presumed to have undergone 
strong plagioclase crystal fractionation. Some felsic samples also possess large positive 
deviations. Carbonatite samples are plotted to indicate direction of possible influence by addition 
of carbonatite melt, all are in the positive direction for both Eu/Eu* and Sr/Sr*. Sample Ru-24 plots 
outside the range of the axes as a significant outlier to the remaining mafic group at (Sr/Sr*=0.85, 
Eu/Eu*=0.61), and is labeled (-plag) in relevant plots. Sample R099 appears to possess the largest 
positive (Sr/Sr*)Npm anomaly and is labeled accordingly (+plag) in this and other plots. The Sr/Sr* 
value is the deviation of the Sr concentration away from the primitive mantle normalized value 
expected by a line through neighboring REEs Pr and Nd. The Eu/Eu* value is the deviation of the 
Eu concentration away from the primitive mantle normalized value expected by a line through 
neighboring REEs Sm and Gd. Sr/Sr* = Sr/(Pr0.5 * Nd0.5), and is calculated using primitive mantle 
normalized Sr, Pr, and Nd values as bracketing elements. Eu/Eu* = Eu/(Sm0.5 * Gd0.5), and is 
calculated using primitive mantle normalized Eu, Sm, and Gd values as bracketing elements. 






Figure 13. Trace element ratio variations in Rungwe samples and surrounding carbonatites. Plots 
include a list of global OIB samples compiled for this study (from earthchem.org), OIB localities 
labeled in the legend. Format, color, and symbology of original data points as in Figure 3. TOP: 
Sr/Rb vs Ba/Rb variations in select global OIBs and Rungwe original and published samples. 
Black arrows indicate the effect on these trace element ratios to melting in the presence of 
metasomatic amphibole or phlogopite. Plot is an adaptation from a plot used on EAR samples 
(Furman and Graham, 1999), with the Rb in the denominator and both axes plotted in log so that 
linear trends may be identified. Red X represents the composition of primitive mantle (1s) (Palme 
and O’Neill, 2014). Despite a broad linear trend, Rungwe samples do not appear to intersect with 
primitive mantle like most OIB groups do. The majority of Rungwe samples are more enriched in 
Ba/Rb then Primitive mantle, while Rungwe samples overlap the range of Sr/Rb in primitive 
mantle. BOTTOM: Ti/La vs K/La variations in select global OIBs and Rungwe original and 
published samples. Rungwe samples occupy a space largely outside the range of OIB groups, 




group contains higher K/La than the high eNd group. Dashed line separates mafic from felsic 






Figure 14. Bivariate plots of trace element concentrations for continental comparison. Format, 
color, and symbology of Rungwe data points as in Figure 2, OIB symbol key in Figure 4. Mafic, 
mantle derived melts from MORB and OIB-type sources only exhibit a narrow range in Ce/Pb and 
Nb/U globally, these values are significantly different from observed ratios in the continental 
crust. The MORB & OIB range delineated by dashed lines are Nb/U= 47 ± 10 and Ce/Pb= 25 ± 5 
originally resolved using a global compilation of samples (Hofmann et al., 1986). Select OIB 
samples compiled here from more recent studies reveal that OIBs occupy a larger range in ratios, 
but are still significantly different from continental crust in most cases, making this comparison a 
useful tool.  The effect of continental contamination of mantle derived melts lowers both ratios 
and Ce, Nb concentrations. Values for total continental crust (bold cross), lower, middle, and 
upper crust (crosses labeled with L,M,U respectively) in a grey field represent the range of generic 
crust (Rudnick and Gao, 2014). TOP LEFT: Ce/Pb ratio vs Ce concentration (in ppm) for Rungwe 
silicate samples and surrounding carbonatites. Rungwe samples exhibit a range in Ce/Pb ratios 
that is as large as the observed range in global MORB & OIB samples. Several mafic low eNd 
samples plot below the bounds of Ce/Pb, while many mafic high eNd sample plot above. Felsic 
samples are consistently below the Ce/Pb ratio range for MORB& OIB, but are far more highly 
concentrated in Ce than continental crust. TOP RIGHT: Nb/U ratio vs Nb concentration (in ppm) 




range in Nb/U as large as the global range in MORB & OIB samples. Many Rungwe samples 
possess Nb/U ratios greater than MORB & OIB bounds, while very few samples (and no samples 
analyzed in this study) possess Nb/U ratios less than the strict range in MORB & OIB. BOTTOM 
LEFT: Ce/Pb vs Nb/U for Rungwe silicate samples and surrounding carbonatites, and global OIB 
samples compiled for this study (from earthchem.org). Symbol key same as in Figure 15. Rungwe 
mafic silicate sample range largely overlap with global OIB samples compiled for this study, albeit 
outside the initial range delineated for MORB & OIB (Hofmann et al., 1986). Many samples from the 
global OIB compilation possess ratios closer to the field of continental crust than Rungwe 
samples do, despite the OIB emplacement locations in oceanic crust, geographically far from 




Figure 15. Bivariate plots of major element oxide concentrations and ratios showing influence of 
carbonatite. Format, color, and symbology of data points as in Figure 2. LEFT: P2O5 vs SiO2 (both 
in wt% oxide) for Rungwe silicate samples and surrounding carbonatites. Arrow at SiO2 wt% < 
46.2 indicates the effect of increasing CO2 in the source during melting. Carbonatite samples plot 
outside the bounds of the chart, but the range in P2O5 is highlighted in gold. Samples which fall 
below SiO2 =46.2 wt% were melted in the presence of CO2, significant enough concentrations to 
affect the SiO2 concentration of the melt, determined by experiments on carbonated melts 
(Dasgupta et al., 2013a). Samples (R069, R081, R082) with low SiO2 wt%, high P2O5 and CaO/Al2O3 
show the effect of carbonatite influence on the magma composition, and are labeled in this and 
other relevant plots with +C to track the effects of significant carbonatite influence.  RIGHT: 
CaO/Al2O3 ratio vs MgO for Rungwe silicate samples and surrounding carbonatites. Arrow at 
CaO/Al2O3 < 1.0 indicates the effect of increasing CO2 in the source during melting. Plagioclase 
fractionation or accumulation in the magma can also affect the final CaO/Al2O3 ratio.  Carbonatite 
samples plot outside the bounds of the chart, but the range in MgO is highlighted in gold. Dashed 
line toward origin indicates direction of magma differentiation from a primitive composition 
toward felsic samples. Dashed curves show the effect of olivine accumulation toward CaO/Al2O3 » 





Figure 16. Bivariate plots of trace element ratios with types of melt influences. Plotted are Rungwe 
samples and surrounding carbonatites, and global OIB samples compiled for this study (from 
earthchem.org). Format, color, and symbology of original data points as in Figure 2, OIB symbol 
key in Figure 4. TOP LEFT: Zr/Sm vs Nb/La trace element ratios. Values for total continental crust 
(bold cross), lower, middle, and upper crust (crosses labeled with L,M,U respectively) in a grey 
field represent the range of generic crust (Rudnick and Gao, 2014). Vertical line at Nb/La = 0.5 has 
been used to differentiate mantle melts derived from lithospheric and asthenospheric source 
compositions (Smith et al., 1999; Talukdar et al., 2018). Golden crosses indicate two compositions 
of phosphate-bearing peridotite xenoliths from Archaean Tanzanian Craton, northern Tanzania 
(monazite-bearing harzburgite 89-773, apatite-bearing wehrlite 89-777), presumed to have been 
subjected to carbonatite metasomatism (Rudnick et al., 1993). TOP RIGHT: Dy/Yb vs La/Yb ratios 
(values in both ratios are primitive mantle normalized: Npm).  Normalization values for primitive 
mantle from Palme & O’Neill (Palme and O’Neill, 2014). Values for total continental crust (bold 
cross), lower, middle, and upper crust (crosses labeled with L,M,U respectively) in a grey field 
represent the range of generic crust (Rudnick and Gao, 2014). Felsic samples express lower 
(Dy/Yb)Npm than mafic samples but maintain a high (La/Yb)Npm, therefore do not trend toward 




(increasing CO2) in the source during melting for silicate samples based on the ratio of measured 
carbonatite samples. BOTTOM LEFT: Nb/Ta vs Zr/Hf trace element ratios. Mantle derived melts 
routinely exceed the chondritic Zr/Hf = 34.3 ± 0.3 in MORB, OIB, and especially continental basalt 
when influenced by carbonatite, while few observed mantle melts exceed the chondritic Nb/Ta = 
19.9 ± 0.6 (Munker, 2003). Primitive mantle (PM) and MORB fields in grey, the range in Archaean 
TTG samples in dashed field, and dashed line of magma differentiation (John et al., 2010; Munker, 
2003; Pfänder et al., 2012). Three mafic silicate samples from this study exceed the chondritic 
Nb/Ta value, but are within the published range of uncertainty (high eNd samples R081, R069, and 
low eNd cumulate sample R075). Felsic samples from this study and from published work exceed 
the mafic range in Nb/Ta and Zr/Hf. Carbonatite samples from this study, and from compiled 
global database (from earthchem.org) exhibit a large range in both ratios that plot outside of the 
range of this graph, but more commonly are higher than chondritic Zr/Hf than Nb/Ta, a direction 






Figure 17. Incompatible element deviation ratios Nb, Sr, Zr vs estimated melt depth (km). Format, 
color, and symbology of original data points as in Figure 2 key. Ratio values are the vertical 
deviation from a line drawn through two bracketing incompatible rare earth elements in a primitive 
mantle normalized incompatible trace element plot. In all three plots, deeper melts show more 
negative deviations for these ratios. Stronger negative deviations are encountered for less 
incompatible elements so Zr/Zr* is negative at all depths sampled, Sr/Sr* becomes positive at 
depths shallower than ~75 for certain samples, and only melts below 85 show Nb/Nb* < 1.  Nb/Nb* 
= Nb/(Th0.5 * La0.5), is calculated using primitive mantle normalized Nb, Th and La values. Sr/Sr* = 
Sr/(Pr0.5 * Nd0.5), and is calculated using primitive mantle normalized Sr, Pr, and Nd values as 
bracketing elements. Zr/Zr* = Zr/(Nd(2/3) * Sm(1/3)), is calculated using primitive mantle normalized 
Nd and Sm values as bracketing elements. Elements concentrations have been normalized to 






Figure 18. The DUPAL anomaly compared to Rungwe – trends. Isotopic Pb and Th/U variations in 
select global OIBs and Rungwe original and published sample. Format, color, and symbology of 
Rungwe data points as in Figure 2 key, OIB symbol key in Figure 4. TOP LEFT: Isotopic 208Pb/204Pb 
vs 206Pb/204Pb with samples plotted with respect to the Northern Hemisphere Reference Line 
(NHRL), calculated [208Pb/204Pb] = 1.209* [206Pb/204Pb] + 15.627 (Hart, 1984). The deviation away 
from this NHRL of an aggregate value of any given data set (DS) was subsequently used to 
calculate the Δ8/4 of a region, where Δ8/4= [(208Pb/204Pb)DS – (208Pb/204Pb)NHRL]*100 (Hart, 1984). 
Individual samples, plotted here, with a strong positive deviation away from the NHRL (a large 
Δ8/4) qualify as being part of the DUPAL anomaly. TOP RIGHT: The Δ7/4 vs Δ8/4 with red field 
indicating the strength of the DUPAL anomaly in OIB and Rungwe samples. The Δ7/4 is similarly 
calculated as the deviation away from the NHRL in a 207Pb/204Pb vs 206Pb/204Pb plot where the 
NHRL [207Pb/204Pb] = 0.1084*[206Pb/204Pb] + 13.491, and where any given data set (DS) the Δ8/4= 
[(207Pb/204Pb)DS – (207Pb/204Pb)NHRL]*100 (Hart, 1984). Rungwe, along with OIBs from the South Indian 




Tristan da Cunha, Inaccessible, and Gough Islands) express strong DUPAL anomalies (Δ8/4>100) 
for a majority of their sampled range. Samoa OIB samples express moderate DUPAL with a 
majority of samples Δ8/4>50. Linear trend line calculated from all OIB samples plotted except 
Rungwe (original and published). BOTTOM LEFT: Th/U trace element ratio versus the 208Pb*/206Pb* 
isotopic ratio in select global OIBs and Rungwe original and published sample. The 208Pb*/206Pb*= 
([208Pb/204Pb]smpl - 29.475)/([206Pb/204Pb]smpl - 9.307), and represents the proportion of radiogenic Pb 
for each isotope of Pb. Linear trend line calculated from all OIB samples plotted except Rungwe 
(original and published). The Th/U of Rungwe and other DUPAL samples largely plot above the 
bulk silicate earth Th/U=4.2 (Allègre et al., 1986), which could contribute to excess 208Pb*. 
BOTTOM RIGHT: Th/U trace element ratio versus the Δ8/4 in select global OIBs and Rungwe 
original and published samples. Linear trend line calculated from all OIB samples plotted except 





Figure 19. The DUPAL anomaly compared to Rungwe – similarities. Format, color, and symbology 
of Rungwe data points as in Figure 2 key, OIB symbol key in Figure 4. TOP LEFT: eNd vs eSr 
variations in select global OIBs and Rungwe original and published samples. BOTTOM LEFT: eHf 
vs eSr variations in select global OIBs and Rungwe original and published samples. TOP RIGHT: 
U/Pb trace element ratio versus the Δ8/4 in select global OIBs and Rungwe original and published 
sample. BOTTOM RIGHT: Ba/Nb trace element ratio versus the Δ8/4 in select global OIBs and 






Figure 20. The DUPAL anomaly compared to Rungwe – differences. Format, color, and symbology 
of Rungwe data points as in Figure 2 key, OIB symbol key in Figure 4. Top Left: SiO2 wt% vs Δ8/4 
variations in select global OIBs and Rungwe original and published samples. Rungwe samples are 
lower in SiO2 than other OIBs with a DUPAL anomaly. Samples from Samoa, Canary, and Cape 
Verde OIB groups contain samples that are as silica-undersaturated as Rungwe. Top Right: 
(Sm/Nd)pm versus Δ8/4 variations in select global OIBs and Rungwe original and published 
samples. The Sm and Nd concentrations are first normalized to primitive mantle concentrations 
from Palme & O’Neill (Palme and O’Neill, 2014).Rungwe samples possess lower (Sm/Nd)pm than 
most other OIBs inspected, particularly the groups with strong DUPAL anomalies. Bottom Left: 
CaO/Al2O3 vs Δ8/4 variations in select global OIBs and Rungwe original and published samples. 
Amid large variations in the CaO/Al2O3 ratio Rungwe samples are higher than other DUPAL OIB 
groups, and many non-DUPAL groups. Bottom Right: Hf/Hf* vs Δ8/4 variations in select global 
OIBs and Rungwe original and published samples. The Hf/Hf* = Hfpm / [Ndpm(1/3) * Smpm(2/3)] for all 




carbonatite, and Canary OIB samples possess the same or lower Hf/Hf*. Symbols following those 






Figure 21. Geochemical variation through time. Samples grouped by Isotopic eSr, eNd, eHf, 
206Pb/204Pb. Format, color, and symbology of data points as in Figure 2. Radiocarbon dated 








Figure 22. IUGS classification diagrams with original and previously published samples. Format, 
color, and symbology of data points as in Figure 2. TOP: Total Alkali-Silica Diagram (Le Bas et al., 
1986). Solid lines delineate fields for different chemical classification of extrusive igneous rocks. 
Samples that plot above the diagonal dashed line can be described as alkaline (IUGS 2005). 
BOTTOM LEFT: Plot of Na2O vs K2O. Whole rock compositions that plot outside the parallel 
diagonal dashed lines obtain the prefix “Potassic-” if K2O>Na2O (above upper line), or “Sodic-“ if 
(Na2O-4)>K2O (below lower line). Samples that plot in the Trachy-Basalt, Basaltic-Trachyte, and 
Trachy-Andesite in the TAS diagram obtain special designations if (Na2O-2)>K2O, which are 
reflected in Table 1 (Le Bas et al., 1986). BOTTOM RIGHT: CPIW normative mineralogy of 
Nepheline vs Albite calculated from whole rock compositions of valid Rungwe rock samples 
(Pruseth, 2014). Samples that plot in the Basanite and Foidite fields of the TAS diagram require 
further classification to determine if they are Nephelinite, Basanite, or Melanephelinite (Le Bas, 










Figure 23. Whole rock variation of nine major elements versus MgO (all in wt%) for original and 
published sample compositions from the Rungwe Volcanic Province and surrounding 
carbonatites. Format, color, and symbology of original data points as in Figure 2. Groups have 
been designated by major element and isotopic composition, the criteria of each designated 
group are explained in Figure 5. Values plotted were recalculated to a 100% sum from the nine 
constituent major elements in wt% oxide. Measured values are included in Table 1. Ordinate value 
range of the five carbonatite compositions are listed on each plot. The effects of magmatic 
differentiation on the major element oxides can be approximated by the concentration in the felsic 
group with <1 wt% MgO. Felsic group samples have higher SiO2, Al2O3, Na2O, K2O, MnO and lower 
concentrations in all remaining oxides including MgO. Arrows in the SiO2 vs MgO plot indicate the 
effect of increasing CO2 in the source during melting. Samples which fall below the line at SiO2 
=46.2 wt%, determined by experiments on carbonated melts (Dasgupta et al., 2013a), melted in the 
presence of CO2, significant enough to affect the major element melt composition. Major element 
data sources for published Rungwe samples: (Castillo et al., 2014; Crabtree and Chesworth, 1992; 







Figure 24. Isotope ratios of Rungwe vs EAR samples. Common two dimensional projections of 
isotope ratio compositions for Rungwe samples and surrounding carbonatites, and published 
compositions from the East African Rift compiled for this study (from earthchem.org). Format, 
color, and symbology of original data points as in Figure 3. Symbols as in Figure 15. The area of 
each plot characteristic of mantle isotopic compositions of HIMU, EM-I, and DMM is labeled for 




Hemisphere Reference Line (solid black), defined as [207Pb/204Pb] = 0.1084*[206Pb/204Pb] + 13.491 
(Hart, 1984), is plotted for reference. A 4.56 Ga isochron line (dashed green) is plotted for 
reference. BOTTOM LEFT: 208Pb/204Pb vs 206Pb/204Pb.  The NHRL (Solid black) in a 208Pb/204Pb vs 
206Pb/204Pb plot is defined by the equation [208Pb/204Pb] = 1.209* [206Pb/204Pb] + 15.627 (Hart, 1984). 
TOP RIGHT: 143Nd/144Nd vs 87Sr/86Sr. CHUR values of 87Sr/86Sr = 0.7045 and 143Nd/144Nd=0.512638 
have been plotted with dashed lines. BOTTOM RIGHT: 176Hf/177Hf vs 143Nd/144Nd. CHUR values of 










Figure 25. Major and trace element variation in olivine. Shown are olivines analyses of the 12 
select olivine-bearing samples, grouped according to their whole rock isotopic variation. Plots 
display the statistically significant differences in trace element concentration that separates the 
groups identified. For each of the 12 samples listed, 20 individual compositions form an olivine 
population comprised of 10 olivine cores, and core and edge pairs from 5 additional olivine 
crystals. Format, color, and symbology of original data points as in Figure 2 key. Samples with 
olivine measurements for low eNd cumulate (R075), low eNd mafic (R045, R063, R111), and high 
eNd mafic (R012, R107, R108, R109). Olivine measured from samples in the high Pb group (R031, 
R043, R035, R104, from the Mpoli and Izumbwe monogenetic cones lava field) are the only 
samples observed in the province to contain a xenocrystic population of olivine. Samples with 
olivine measurements from the high Pb group samples have been split into high Pb cumulate and 
high Pb xenocryst groups based on concentrations of trace elements V and Sc. Olivine Mg# 
(calculated 100*MgO/(MgO+FeO) all in molar%), which for olivines is also termed the Forsterite 
number (Fo#). See Chapter 1 for further olivine analysis, description, and a table of olivine 
compositions. TOP LEFT: Ni (ppm) vs Mg# in olivines from select samples throughout Rungwe. 
Top Mg#~89.4 for each sample population, with the exception of samples from the high Pb group 
that exceed this Mg# threshold. Ni concentration for Rungwe samples comparatively lower than 
olivines that crystallized from melt derived from a pyroxenite source. TOP RIGHT: V/Sc vs Mg# in 
olivines from select samples throughout Rungwe. Olivines from the high Pb sample group have 
been designated xenocrystic by their high Mg#>89 and V/Sc>1.5 exceeding values in all other 
olivine populations.  MIDDLE LEFT: CaO wt% vs Mg# in olivines from select samples throughout 
Rungwe. Xenocrysts are characterized here by olivine Mg# > 89 and anomalously low 
CaO<0.1wt%. These high Pb olivines derived from the melt also contain lower CaO wt% than 
olivines from other mafic groups. MIDDLE RIGHT: Sc vs V (ppm) in olivines from select samples 
throughout Rungwe. Samples from the high Pb cumulate group are the only samples observed in 
the province to contain a xenocrystic population of olivine. Xenocrysts are characterized here by 
anomalously low Sc that does not vary over a wide range of anomalously high V. Non-xenocrystic 
olivines from the high Pb group of samples generally contain lower Sc and V than olivines from 
other groups. BOTTOM LEFT: Ni (ppm) vs Mg# in olivines from select samples throughout 
Rungwe. Mn (ppm) concentration correlates inversely with olivine Mg# for phenocrystic olivine 
populations. The low Mn (ppm) concentration of xenocrystic olivines is anomalously low, even 









Figure 26. Enrichment ratio plot of original samples from the high eNd isotopic group (sample 
value/ value of R107, for all samples plotted). Three plots depict sub-groups of samples based on 
Ba (top) and Rb enrichments (middle), or lack of enrichment (lower), relative to elements with 
similar incompatibility. R107 contains lower concentrations than other samples from the high eNd 
group plotted in nearly all trace element plotted. It was therefore selected as a sample to 






Figure 27. Enrichment ratio plot of original samples from the low eNd isotopic group (sample 
value/ value of R112, for all samples plotted). Two plots depict sub-groups of samples based on 
Ba and Rb enrichments, relative to elements with similar incompatibility. R112 contains lower 
concentrations than other samples from the high eNd group plotted in nearly all trace element 









Figure 28. Sub-group definition parameters. Designations of a sub group for each of the original 
Rungwe sample population with full Sr-Nd-Pb-Hf isotopic characterization. Sub-groups further 
divide the original groups designations, criteria outlined in Figure 7. High eNd isotopic group has 
been subdivided in to three groups based on the trace element of maximum enrichment ratio 
(when normalized to R107), refer to Figure 28 for samples in each. Low eNd isotopic group has 
been subdivided in to two groups based on the trace element of maximum enrichment ratio (when 
normalized to R112), refer to Figure 29 for samples in each. TOP: 208Pb/204Pb vs 206Pb/204Pb for 
samples with full Sr-Nd-Pb-Hf isotopic characterization. Significant olivine cumulates from the 
high Pb isotopic group (red circles), with 206Pb/204Pb>19.5 (R031, R035), were segregated from the 
near primary compositions (see Chapter 1 of this dissertation). Three samples from the high 
(R015) and low eNd isotopic group (R063, R096) were highlighted for exceptionally high 
206Pb/204Pb, between 18.8-19.5. MIDDLE: eNd vs eSr for samples with full Sr-Nd-Pb-Hf isotopic 
characterization. One sample from the high eNd isotopic group (R109), and one from the low eNd 
isotopic group (R022) were segregated for exceptionally high eSr for their respective eNd values. 
BOTTOM: Ba/Rb vs K2O for samples with full Sr-Nd-Pb-Hf isotopic characterization. Sub-groups of 
the high and low eNd isotopic group are segregated by the Ba/Rb ratio. Samples from the high eNd 
isotopic group with low Ba/Rb and K2O are outliers similar to the high Pb isotopic group. Samples 











Figure 29. Highly incompatible trace elements Ba, Th, Nb, K, La vs Mg# (100*Mg/[Mg+Fe] molar) 
for original samples with full Sr-Nd-Pb-Hf isotopic characterization. Sample groups have been 
subdivided based on the enrichment ratio pattern relative enrichments in Ba or Rb (for the high 
and low eNd isotopic groups), isotopic outliers with high eSr, or 206Pb/204Pb (for the high and low 





























































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































Table 1. The major element concentration results for Rungwe in wt%. Sample IGSN, Golden Spike 
category, IUGS nomenclature, and coordinates accompany the major elements reported. Samples 






















































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































Table 2. Trace element results for Rungwe samples in ppm. Sample IGSN, Golden Spike category, 
IUGS nomenclature, and coordinates accompany the trace elements reported. The trace elements 
Sc, V, Cr, Ni, were presented first in Chapter 1 for samples with MgO>8wt%, and are reprinted 














































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































Chapter 5: Summary 
 
5.1. The Origin and Role of Magmatism in an Early Stage Continental Rift  
The Rungwe volcanic province occurs within a continental rift that is largely absent of apparent 
magmatism. There are a number of physical and chemical factors unique to Rungwe province melts that 
preferentially facilitate melting in this region of the rift, shown through analysis of geochemical and 
isotopic traits. One factor, or a combination of multiple factors identified here create a melting 
environment that is sufficient to sustain continued volumes of melt to supply the province. Temperature 
and depth of melting (when volatiles are taken into account), age distribution of the eruptive products, and 
chemical identity of the source help to define the role of magmatism plays in early-stage continental rifts.  
 
Although the Rungwe Volcanic Province appears at the confluence of two bounding border faults, the 
genetic link to a volatile source in the asthenosphere facilitate enhanced melting. Isotopic and 
geochemical characteristics point to a plume as the long-term impetus for regional extension. The effects 
of this upwelling are regional topographic uplift, rifting along the relatively weak perimeter of the 
Tanzanian Craton, and magmatism where upwelling mantle is volatile enough to facilitate melting through 
solidus depression. Sub-lithospheric melt is a product of the upwelling plume and Rungwe melts bear the 
signatures of these plume contributions, comparable to some OIBs. Isotopic signatures of plume 
contributions have been present even in the oldest melts measured, but this signature is amplified in 
some of the most recent eruptions, or less influenced by lithospheric contamination.  
 
Although Rungwe melts originate from an asthenospheric plume, secondary traits imposed upon the 
melts by a metasomatized subcontinental lithospheric mantle are present, to varying degrees, in the melts 
observed. Contributions from a subcontinental lithosphere that has experienced carbonatite 
metasomatism in the past are prevalent in Rungwe melts. The Rungwe province exists in an area where 




isotopic and chemical composition of some of these carbonatite compositions were explored as 
representative endmembers of the lithospheric signature of Rungwe melts. CO2 estimates based on the 
level of SiO2 undersaturation limit the carbonate contribution to less than 5% (See Chapter 2). Only some 
of the chemical and isotopic signatures in Rungwe melts can be directly linked to the carbonatites 
analyzed, requiring an additional, unsampled composition to describe the source fully. Carbonatites on 
the surface are a highly differentiated version of their primary melt, and therefore their composition makes 
an imperfect comparison to the composition of the associated veins left behind by an associated 
metasomatic event. The effects of common metasomatic phases stable in the subcontinental lithosphere, 
amphibole and phlogopite, have been demonstrated for other regions of the EAR  (Class and Goldstein, 
1997b; Furman and Graham, 1999). Neither of these phases predominantly imparts a characteristic 
signature which is identifiable in the Rungwe melts sampled. While amphibole and phlogopite are stable 
phases in lithosphere Rungwe melts must traverse to the surface (Class and Goldstein, 1997b), possible 
interactions must be made in conjunction with other metasomatic contributors so that no single phase can 
be singled out and quantified from the final melt compositions analyzed.  
 
The limited magmatism of the Western Branch of the EAR appears to be driven directly by 
asthenospheric inputs, whose resulting partial melts can be sampled at the surface. The isotopic 
character of melts provides evidence of definitive contributions from a primordial plume source, 
comparable to OIBs in the oceanic crust. Evidence of plume-derived melts at Rungwe suggest that 
anomalous asthenospheric mantle makes significant contributions to the melt. The location of edifices at 
the surface are aligned with the rift framework suggesting the two are interrelated in the shallow 
subsurface. The causes of which appear intrinsically tied to the upwelling asthenospheric plume mantle. 
The apparent lack of magmatism throughout the Western Branch of the EAR shows that rifts can 
propagate through cold and strong continental lithosphere without magmatic intrusion, at least at the 
relatively minor divergence rates observed in the rift today (Saria et al., 2014; Stamps et al., 2018; 2008). 
The existence of volcanism at Rungwe implies one or more preferential factors facilitate the initiation and 





5.2. Future Directions 
Documented carbonatite and alkaline intrusive bodies are abundant in the regions surrounding the 
Rungwe Volcanic Province (Woolley, 2001). A limited sample set from two of the better studied 
carbonatite occurrences, Panda Hill and Mbalizi carbonatites, were collected in the field. Isotopic, major, 
and trace element analyses on these samples, despite them being outside the original scope of work for 
this project. The results have proven fruitful in better understanding critical information about Rungwe 
melt source and the nature of past metasomatic events imposed upon the lithosphere in the past. These 
carbonatite bodies are unique and precious geological features that could be better characterized through 
modern geochemical methods. Below is outlined some of the geological questions that could be 
answered through a more intense study of these bodies:  
 
The source of a 25 Ma eruptive event in the Songwe Basin or Rukwa Trough has not been identified 
(Roberts et al., 2012). Even after a geochronology survey of volcanic sources in Rungwe, and re-
determination of ages of Panda Hill and Mbalizi carbonatite bodies (Chapter 3). Dated tephras contain the 
minerals carbonate, zircon, phlogopite, and pyrochlore, strongly suggesting that the eruptive event was of 
a carbonatite composition (Roberts et al., 2010). A geochronology survey of existing carbonatite bodies in 
the area might identify this relict 25 Ma carbonatite event. The existing ages for nearly all of these bodies 
are by correlation, or determined by outdated methods. An update with more precise methods would 
improve understanding of the regional geochronology greatly.  
 
Despite low concentrations of the trace element Hafnium (Hf) of carbonatites, custom column chemistry 
procedures have demonstrated success in Hf-isotope measurement (Bizimis et al., 2003). Existing 






Four samples from Rungwe has been analyzed for Os isotopes, and are dominated by contributions from 
a metasomatized lithospheric mantle (Nelson et al., 2012). The Os isotopic evidence stands at odds with 
the conclusion drawn from noble gas isotopes that support an asthenospheric origin (Halldórsson et al., 
2014; Hilton et al., 2011). The olivines from samples with phenocrystic and xenocrystic olivines were 
sampled from units with the more primordial He-isotopic measurements in the province. These samples 
should be the target of another set of Os-isotopic analyses, since they could show that both 
asthenospheric and lithospheric components contribute to the same melt. An ideal test could be 
performed on the two olivine populations within one sample, provided they could be reliably separated 
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Appendix Chapter 2 
 
Rock sample acquisition: Mafic rock samples were collected during a field expedition undertaken with 
the assistance of collaborators from Tanzania in August 2012. A subset of samples was chosen and 
analyzed for major and trace element concentrations based on field observations for freshness and 
identifiable phenocrysts in both hand sample and thin section.  
 
Rock sample preparation: Rock samples were crushed to below 5.6mm by hydraulic press, any 
weathered outer rind was removed prior to crushing. The 5.6-2mm sieved fraction was washed and 
sonicated in deionized water then again in methanol, and 20g or more was powdered in an alumina 
shatterbox to ensure properly homogenized sample powders.  
 
Major element analyses: An aliquot of powder for each sample was heated to 950°C for 45 minutes in a 
muffle furnace to obtain the loss on ignition. Then 100mg of this powder was combined with 400mg 
lithium metaborate in a graphite crucible and fluxed at 1050°C until molten. The molten bead was 
transferred and quenched in 10% HNO3, and allowed to dissolve. The solution was diluted 4000 times 
and filtered to remove any residual graphite. The final solution was analyzed for major elements on an 
Agilent 720 series ICP-OES at LDEO. USGS rock standards (AGV-2, BCR-2, BHVO-2, DNC-1, W2) were 
run concurrently with samples and used to calibrate the concentrations. Replicate analyses indicate a 
precision on the entire method is typically 1%. Major element data is contained in Chapter 2, Table 2.  
 
Trace element analyses: 200mg of each sample powder was digested in a 5:2 acid solution of 8N 
HNO3: concentrated HF by heating at 180°C for 8 hours or greater. Solutions were dried down and 
reconstituted in 6ml 8N HNO3 twice to remove fluorides. Samples were diluted ~2000 times in HNO3 in 
preparation for analyses on a Thermo VG PQ-excell quadrupole ICPMS at LDEO. Concentrations were 
calibrated using a custom made elemental standard added to an unknown to emulate the matrix of the 




<2% for most elements. Concentrations of Ba, Cr, Sr, Y, and Zr were run on both ICP-OES and ICP-MS 
and exhibit no bias from the two methods, published values of these elements are from the ICP-MS 
analyses. Trace element data is contained in Chapter 2, Table 2; and in Chapter 4, Table 2. Other trace 
element data on these same samples will be published elsewhere. 
 
Olivine characterization by LA-ICPMS: Olivine-phyric samples with MgO > 8 wt% were targeted for 
phenocryst analysis by La-ICPMS. Olivine phenocrysts were picked from the 500-710 um, or larger where 
available (samples R063 and R075), washed and ultrasonicated in methanol, and set in epoxy along 
grids in random orientation. The olivine mounts were sanded to maximum diameter to expose the core of 
each crystal, then polished to a 3um grit. Analyses took place in the ICPMS lab facility in LDEO, on a 
Thermo VG PQ-excell quadrupole ICPMS fitted with eximer laser. Each analysis consisted of 60 sec 
background collection followed by a 60-sec ablation at 90% laser intensity with a 50um beam.  Each spot 
was first pre-ablated at 10% laser intensity for 1 sec by a 70um beam to remove possible surface 
contamination. A population of 20 phenocrysts was analyzed for each sample (10 cores and 10 core-rim 
pairs to detect any possible zonation trend) for the major and trace elements listed in Chapter 2, Table 6. 
Each sample population was calibrated independently by analyzing basaltic glass (BCR-1, BHVO-1, BIR-
1, GOR132-1) within each experiment using the LasyBoy (a visual basic code developed by Joel Sparks 
at Boston University). SanCarlos olivine was run as an unknown in each experiment to verify consistency 
in the calibration method and to evaluate accuracy and precision. The concentration values for San 
Carlos Olivine were compiled from literature or historical averages of analyses made at LDEO, the same 
values used for comparison in previous works originating from this lab (Ruprecht and Plank, 2013). 






Appendix Chapter 3 
 
Area Estimation by Map Digitization: Complete digitization of the geological map of the Rungwe 
Volcanic Province allows for better estimation of some first order statistics. The total land area that the 
province encompasses is ~3620 km2. This is slightly larger than the initial estimate of 1200 mi2 (3100 
km2) (Harkin, 1960), which has propagated through the literature until recently. At 3620 km2, Rungwe 
Volcanic Province is the same area as Long Island New York (3629 km2), larger than the state of Rhode 
Island (3140km2), or over twice the area of Zanzibar Island (1666 km2).  
 
Based on the distribution of radiometric age data, quantitative estimates of the area covered by each 
volcanic stage can be estimated. The area of Stage 0 is estimated at a minimum of <20km2 but could 
have been as high as 900km2 if samples R109 and Ru-21were both at the distal end of lava flows from 
the same volcanic edifice. Stage 1 (older basalts) area estimates range from 2000km2 to 4000km2 if later 
eruptive stages of Rungwe, Tukuyu, Kyejo and Porotos flows are completely underlain by Stage 1 flows, 
and high rates of erosion in the Mbozi, Lupa highlands and Elton Plateau removed significant area from 
flows since emplacement. Stage 2 range from 400-500 km2 mostly comprised of Tukuyu, but also 
including some of the previously mapped “older basalts” north in the Mbeya Range that were dated here 
as younger. The area of mapped flows dated to Stage 3 are ~1200km2, consisting of all of the mapped 
Rungwe and Kyejo complexes, northward flows from the Poroto Range (Ngozi), and Mpoli volcanic 
centers.  
 
Sample Preparation: Rock samples were collected during a field expedition undertaken with the 
assistance of collaborators from the University of Dar-Es-Salaam, Tanzania. Sampling concentrated on 
areas that had not been sampled by previous projects with particular emphasis on sampling the oldest 
mapped units of the province, as well as escarpments and rivers that allowed access to older units 
otherwise made inaccessible by overlying eruptive material. Sample preparation as well as geochemical 





The majority of samples selected for dating are mafic and therefore lack mineral phases appropriate for 
Ar-Ar analyses (mineral phases where potassium is a major chemical constituent). Instead, the glassy or 
microcrystalline matrix that exists between phenocrysts in mafic lavas is deemed the next most suitable 
alternative to K-rich phases (Koppers et al., 2000; Wijbrans et al., 2011). Matrix can even be preferred in 
many cases as some k-rich phenocrysts have been shown to contain extraneous Ar that could corrupt the 
age result, significantly in younger samples (De Beni et al., 2005). The mafic samples from Rungwe 
commonly contain olivine or clinopyroxene, phenocrysts that reject elements like potassium because of 
its ionic size and charge. The matrix that remains after the formation of mafic phenocrysts is preferentially 
enriched with the K2O that was evenly distributed in the parental melt. Since whole rock K2O 
concentrations range from 1-2 wt% in the mafic endmember samples for Rungwe (Furman, 1995), the 
groundmass used for dating is assumed to contain this range of concentrations of potassium, or greater 
in matrix with high amounts of mafic phenocrysts.  
 
Samples were crushed by hydraulic press for geochemical analyses, from which the 500-710 µm sieve 
size fraction was collected for Ar-Ar dating. This size fraction was washed and rinsed to remove any 
residual rock powder in an ultrasonic bath submerged in filtered and deionized water, then in methanol, 
and finally with Millipore filtered water. Microcrystalline to glassy grains of matrix from each sample were 
then picked under a binocular microscope to ensure no residual mafic mineral phases were present.  
 
Ar-Ar Method: Matrix grains free of phenocryst fragments were selected and packaged for irradiation 
alongside Ar-Ar age standard, Fish Canyon sanidine (FCs), in a fixed orientation to monitor and correct 
for spatial variations in neutron bombardment. Samples were irradiated alongside monitor standards for a 
fixed time duration at the USGS facility in Denver, Colorado, USA in multiple batches of 5-10 samples. 
The age used for the FCs neutron fluence monitor standard is the astronomically tuned 28.201±0.23 Ma 
(1s) (Kuiper et al., 2008). K decay constants used in age calculation are 5.755000*10-11 ± 1.600000*10-13 




was corrected by frequent measurement of air pipettes throughout each experiment using 40Ar/36Arair = 
298.56±0.31 (J.-Y. Lee et al., 2006).  
 
The Ar-Ar analyses were performed directly on K-rich mineral phases in the few samples collected from 
Rungwe that contained those phases (mica-bearing silicate rocks: R100, R117; a mica-bearing welded 
tuff: R088; mica-bearing carbonatites: R005, R007, R103; and an amphibole bearing carbonatite R119). 
In these cases, crushed sample was sieved and washed to a size fraction that effectively separated the 
target mineral phase from the remainder of the sample. Mineral picking was performed without mineral 
enrichment via dense liquid separation or magnetic susceptibility, as it was not necessary. The picked 
mineral samples were then irradiated as separate unknowns alongside the whole rock matrix samples 
and monitor standards.  
 
The Ar gas was extracted and purified from samples and accompanying monitor standard grains under 
vacuum for isotopic analysis at the AGES geochronology lab at LDEO. Grains were placed under ultra-
high vacuum in an automated extraction line attached to a VG5400 noble gas mass spectrometer. 
Sample gas was liberated by heating via a CO2 laser, or diode laser (samples wrapped with tantalum 
capsules) after it had been entered into the vacuum system. Liberated gas was subjected to a series of 
cleanup steps within the extraction line, then the relative abundances of Ar isotopes were measured. Five 
isotopes of Ar (40Ar, 39Ar, 38Ar, 37Ar, 36Ar) were measured over either 6 or 10 cycles to constrain the initial 
relative abundance of each isotope. “MassSpec” software, developed by Alan Deino of Berkeley 
Geochronology Center <email: adeino@bgc.org>, was used for automated extraction, measurement via 
mass spectrometer, and data reduction and analysis (i.e. evaluation of the blanks, air pipettes, and final 
age analysis with incremental heating plateaus and isotope correlation diagrams).  
 
Individual sample aliquots under vacuum were subjected to a series of heating steps by gradually 
increasing the laser wattage until completely degassed (S. P. Kelley, 2002). The step-heating approach 




improvements over the span of this project. In some instances, Rungwe samples were the test case for 
these methodological improvements. The most significant procedural improvement is the implementation 
of step-heating by photon chrome diode laser, that was installed prior to the completion of this study to 
replace the CO2-laser in step-heating of large volume samples. Earlier irradiation batches of samples 
from this study were step-heated by CO2-laser (USGS28B in December 2012, USGS36B in July 2013, 
USGS42C in June 2014), while later batches were step-heated by diode laser (Irradiations USGS67B in 
April 2017, USGS73B in June 2017, USGS78A in August 2017). One of the main benefits of the diode 
laser is the greater control over the intensity of the beam, as it couples with a more uniform surface of the 
tantalum envelope, that was not possible with the CO2-laser that coupled with the varied surfaces of the 
500-710 µm matrix grains. Larger amounts of sample material could be reliably step-heated in each 
aliquot, because the material is enveloped in tantalum packages and the diode laser allows for better 
control of the intensity of each heating step. Step-heating experiments with 10 or more heating steps 
were possible by heating with the diode laser. CO2-laser step-heating experiments more commonly were 
fully degassed in fewer steps for two reasons. First, there is far less control over the precision of the 
intensity, particularly in low wattage steps, for the CO2 laser when compared to the diode laser. Second, 
because the sample aliquot volume was limited to 3 or fewer matrix grains in a 21-spot disk. The CO2 
laser couples directly with the sample material, rather than a packaged envelope, and therefore matrix 
grains must be exposed to the space above. Pits in the 21-spot disk filled with too many grains of sample 
groundmass run the risk of incomplete degassing when material is not exposed to the laser beam during 
its jog around the sample pit throughout each heating phase. The age result of incompletely degassed 
sample aliquots are unusable and discarded because they can result in the wrong age.  
 
Frequent measurements of atmospheric air (pipettes of atmospheric Ar with a known isotopic ratio in a 
fixed volume) monitored changes in the sensitivity and mass fractionation throughout each run, which 
could be used for later correction. In younger samples, careful monitoring of these mass discrimination 
variations allows the radiogenic Ar to be more precisely quantified in the presence of relatively large 




typically contain a greater proportion of atmospheric Ar, while high-temperature heating steps often 
contain a greater proportion of radiogenic Ar*. In contrast, total fusion experiments homogenize all of the 
gas contained in the sample, masking any potential spatial gradients in the Ar that may exist.  
 
The quantity of Ar gas liberated in each heating step remains unpredictable, as it is unique to each 
sample. When two or more aliquots are scheduled for each sample, the intensity of individual heating 
steps can be adjusted to better divide the total gas up into individual steps. Frequently, more precise 
results occur in later aliquots because adjustments are made to the step heating schedule after the first 
has been evaluated. Rungwe samples with varying tendencies to release Ar gas in either low intensity or 
high intensity steps were adjusted for and yielded more precise results in later aliquots.  
 
Step-heating experiments on matrix or minerals can be evaluated via step-heating spectra plots and an 
isotope correlation diagrams. The experimental results were scrutinized using established statistical 
standards and best practices that have consensus within the Ar-Ar dating community (Singer and Pringle, 
1996; Turrin et al., 2008) and in references therein. Guidelines for age evaluation in this study are 
summarized as follows, based on these established methodologies: 
1. A valid age plateau is comprised of 3 or more contiguous heating steps that include at least 50% of the 
total 39ArK (39Ar produced by neutron bombardment of 39K occurring in the sample) released, and is 
analytically indistinguishable from the integrated (total fusion) age. 
2. A valid isotope correlation diagram has a y-intercept that is analytically indistinguishable from the 
accepted 40Ar/36Arair ratio 298.56±0.31 (J.-Y. Lee et al., 2006), and whose determined isochron age is 
analytically indistinguishable from the integrated (total fusion) age.  
In accordance with the data reporting norms set by the Ar-Ar geochronology community (Renne et al., 
2009), the necessary information for an independent evaluation of these experiments are supplied within 
Supplement Table 1. Examples of step-heating spectra plots and isotope correlation diagrams are 
displayed in Figure 2 of the main text, similar corresponding plots for every sample measured with 





Each sample was analyzed in multiple aliquots to ensure the reproducibility of resulting ages, and 
sometimes to optimize the step heating schedule of progressively greater laser intensities for any specific 
sample. Other variables specific to the machine running conditions (consistent, low blank to signal 
behavior, reproducibility of the air pipette measurement) also affected the overall quality of one aliquot 
over another. To select a final, preferred age and uncertainty for each sample (displayed in Table 1), a 
system of decisions was devised and applied to all samples. The aliquot whose plateau age carried the 
lower uncertainty with the same or greater number of heating steps in the plateau was chosen as 
preferred, provided it agreed with the integrated age. All but three samples use the plateau age and 
uncertainty reported in Table 1. Samples R007, R103, R108 each had two aliquots step-heated 
simultaneously with the same step heating schedule in the same run disk. In these three cases, one 
aliquot could not be preferred over another so an isochron age that includes heating steps from both 
aliquots is reported for each sample. The type of age determination used is listed along with the preferred 
age and uncertainty values in Table 1 in the main text, as well as in the supplemental figure captions. 
 
Isochron regressions served as a supplemental check on the quality of analysis for each sample that 
used the plateau age and uncertainty. In the case of preferred plateau age and uncertainties, samples 
had a supporting isochron age that was indistinguishable from the plateau age. The y-intercept of the 
regression, or the predicted 36Ar/40Ar in the inverse isochrons plotted, helped test whether the assumption 
of an initial 40Ar/36Ar was like that of air. In ideal cases, eruptive products are completely degassed upon 
eruption, then once crystallized neither inherit or lose any argon gas (or potassium) from the time of 
crystallization to the time of analysis in the mass spectrometer, such that only radiogenic argon produced 
from the decay of potassium in the sample exists. Magmatic products inevitably interact with argon-
containing atmosphere upon eruption, which is expected and routinely corrected for assuming the 
40Ar/36Ar ratio of the atmosphere is known. There are a number of reasons a microcrystalline or glassy 
matrix from a lava flow does not yield an initial 40Ar/36Ar like that of atmosphere including extraneous 




subsequent alteration of the sample. Alteration or weathering has been minimized by through sample 
selection (almost all samples selected to date were also selected as candidates for chemical and isotopic 
analysis, and therefore screened visibly for alteration in the field), leaving extraneous argon, leftover from 
incompletely degassed eruptive material, as the expected cause of deviation in initial 40Ar/36Ar away from 
atmospheric. One further refinement to the plateau age and uncertainty was made for samples whose 
isochron predicted an initial 40Ar/36Ar distinguishably different from the atmospheric 40Ar/36Ar ratio. Plateau 
age and uncertainties were recalculated using the unique, ‘trapped’ initial 40Ar/36Ar, instead of the 
atmospheric air 40Ar/36Ar value. Samples whose plateau age was recalculated using the ‘trapped’ initial 
40Ar/36Ar value are labeled in Table 1 and described in the supplementary figure captions. No correction 
was made for samples where the isochron regression line precisely predicted the initial 40Ar/36Ar 
indistinguishably from air. Nine of the samples yielded 40Ar/36Arinitial values that were statistically different 
from 40Ar/36Arair or imprecise enough to justify the use of a ‘trapped’ incremental release spectrum. 
Samples that use plateau age and uncertainty recalculated from ‘trapped’ 40Ar/36Arinitial are R021, R022, 
R023, R045, R088, R100, R111, R117, as well as the carbonatite samples R005, R103. Further 
description in the supplemental figure captions. further description in the supplemental. 
 
Attempts at dating resulted in indeterminate ages for two samples: R008 and R119. Mica from a 
carbonate-bearing intrusive sample R008 and amphibole from a weathered Nachendezwaya carbonatite 
body R119 both contained large amounts of excess argon causing great variation and uncertainty in the 
age of each successive heating step. Both could be considered to be broadly of Proterozoic age from 
nature of the data acquired. No age or uncertainty is reported for these samples, and full run data are 
contained in the list of omitted runs in the Supplementary Table. 
 
The metric for evaluating the dispersion in an isotope correlation diagram is the mean square of weighted 
deviates (MSWD). MSWD values measure the dispersion of each step being correlated, but take into 
account the analytical uncertainty for each data point. An MSWD = 1 is ideal, larger MSWD values signify 




uncertainty of individual step-heating points. An MSWD >2 requires greater scrutiny to determine if the 
age is valid, or in the case of an isochron age, if two or more unknowns plotted together are indeed from 
the same eruptive event. For instance, the points from two step heating experiments on crystals from a 
sedimentary ash layer with MSWD>>2 could indicate that two or more volcanic events with different ages 
contributed crystalline material to that ash layer by mixing or reworking of the sediments. All materials 
dated in this experiment were sourced from primary crystalline rock or welded tuffs, and therefore 
secondary mixing is less plausible than for crystals found in a sedimentary layer. Physical sources of 
scatter that can inflate an MSWD>2 in primary crystalline rocks require a third component beyond the 
assumed mixing between an atmospheric argon with known isotopic ratio, and in situ production of 
radiogenic argon. The most likely candidate for an additional component is excess initial argon due to an 
incompletely degassed magma between eruption and crystallization, but others exist. Alteration of sample 
material is also a common cause of MSWD>2, which creates an open system behavior after 
crystallization. However rigorous the sample selection process, mafic matrix of this kind is susceptible to 
alteration when exposed at the surface. A second aliquot that yields a statistically indistinguishable age 
can serve as verification and assist in segregating any individual step-heating points that may have 
possessed a greater proportion of extraneous or excess argon. Isochron ages with MSWD<<1 could 
suggest that uncertainty of one or more individual heating steps can be decreased by reevaluation of the 
method of data reduction (subtraction of procedural blanks, and mass discrimination correction from air 
pipette measurements), or that there is not enough spread in the analyses to define a line. Each run disk 
was considered carefully and reduced individually while conforming to laboratory norms in an effort to 
best represent the age of each individual sample, yet many sample MSWD<1 persisted despite 





Appendix Chapter 4 
 
Power Ranking Correlations and Statistical Determination of Differences Perceived between Two 
Designated Groups: In order to create a comprehensive, systematic, and expedient process of 
searching for correlations in the large geochemical dataset compiled, the following process was 
implemented: The correlation coefficient (R-value) of any two independent variables provides a 
systematic way to find potential relationships between two of the many dimensions specified. A ranking of 
correlations was constructed by selecting a target metric, then calculating the R-value for every other 
dimension in the array, then sorting the absolute values of those R-values. The dimensions with values 
near 1.0 are inspected for further scrutiny and to assign some possible geological meaning. With 10 
major element oxide concentrations, 6 fundamental isotopic ratios (7 additional Pb-isotopic ratios), 37 
trace element concentrations, spatial coordinates (latitude, longitude), Ar-Ar age, 3He/4He, Tp, Depth, 
Mg#, and up to 137 geologically relevant ratios made from combinations of the previous metrics it is 
advantageous to create a systematic approach to evaluating any potential geological relationship. Data 
was compiled into a matrix with rows as samples, and chemical, isotopic, data as columns. Each column 
was treated as a separate variable in which the R-values could be calculated for all or part of the dataset 
used. 
 
The test case in this instance is a subset of Rungwe samples with depth estimates. The correlation 
coefficient of all categories (dimensions) was calculated vs depth. The R-values ranked in descending 
order show some recognizable and expected correlations. He and Pb isotopes correlate best with depth 
primarily due to one group of samples being outliers in depth, He, and Pb characteristics. Geological 
meaning also can be assigned to these correlations. Also, the major element oxide Al2O3 wt% 
concentration should correlate with depth because it is the Al2O3 concentration that is the primary factor 
used to estimate pressure (and from that, depth). Al2O3 wt% concentration from the calculated primary 
melt, rather than the raw wt% oxide value should correlate even better with depth. An unexpectedly high 




there is no known geological factor to assign. Despite a large dataset, the existence of a possible 
correlation tied to no physical or geological meaning exists, and suggests that the number of values (n=31 
for Be vs Depth) used to create the correlation may be too low to be statistically significant, and therefore 
require further scrutiny before reporting.  
 
A statistical approach was used to evaluate differences between two designated groups. The mean and 
standard deviation of each of the chemical and isotopic categories created was calculated for each of the 
groups designated. Criteria returned a “TRUE” if values did not overlap at the ±1s significance level. (For 
a lower level of statistical significance, the process could be repeated to return a “TRUE” when the 
standard deviation of one group did not overlap with the mean of the other group being compared.)  
 
For example, Rungwe original values were grouped by their 143Nd/144Nd isotopic ratio. The samples were 
approximately evenly divided, somewhat arbitrarily, into groups by an eNd of greater or less than -2. The 
two resulting groups were tested to see if values of major or trace element concentration, isotopic ratio, or 
trace element ratio were significantly different in the two groups. Values of some criteria were statistically 
significant, or the mean+1s of one group did not overlap the mean-1s of the other. Several criteria were 
found to be different between the low and high eNd groups. Some were predictable, like the eSr and eHf 
values. These isotopic ratios tend to correlate well with the eNd value in geological provinces. Other trace 
element ratios proved to be significantly different between the two groups. The K/U, K/Nb, and U/Pb 
ratios emerged as significantly different between the low and high eNd groups, criteria that can be 
assigned a geological explanation and that would not have been found without a time exhausting search, 





Geochemical ‘Golden Spike’ Samples: Mafic melts (lavas) are the window through which geochemists 
can view the mantle. The chemical and isotopic heterogeneity of Earth’s convecting asthenosphere is 
currently understood through characterization of primitive melts at volcanoes around the globe. One 
fundamental exercise is to observe the contrast between the ‘hot spot’ volcanic environments and those 
of the global mid-ocean ridge (MORB) system of volcanoes. A geochemical fingerprint of the parent 
mantle can be inferred directly (from isotopic ratios) and indirectly (through concentrations of major and 
trace elements) by analyzing a mafic volcanic sample. The isotopic ratio of a mafic melt directly 
represents the isotopic ratio of its parent mantle body since isotopic ratios remain unaltered by the 
processes that melts encounter between initial inception and lava emplacement after eruption. Additional 
details about the parent mantle can be deduced by modeling from the concentration of chemical elements 
of a lava sample, which inevitably but predictably are altered through processes the melt encounters 
between initial inception and lava emplacement after eruption. The age of the eruption event which 
produced any sample of lava is also necessary to accurately characterize the composition and isotopic 
fingerprint of the parent mantle, as isotopic ratios evolve over time depending on the concentration of 
parent and rate of decay.  
 
Major strides in the capabilities of quantifying the Earth’s heterogeneous mantle have been made in 
recent years. No single aspect of this has been more important than the broad implementation of IGSN, 
unique identifiers which catalogue the global cache of samples, and make their resulting data available 
and searchable electronically. Despite improvements in the organization and accessibility of data 
repositories, surprisingly few individual samples in the global cache have been analyzed for the complete 
list of element concentrations, and isotopes. For instance, a database search for published geochemical 
data on ocean island volcano X yields 165 samples, but 50 have Sr isotopes only, 20 have combined Sr 
and Nd isotopes, 20 have Pb isotopes only, 75 have been analyzed for major elements but only 25 of 
those also underwent trace element analyses, and 13 Sr-Nd-Pb-Hf in which only 9 overlap with the trace 
element analyses all from the extreme high Pb-isotope yielding samples, no dating has been performed 




is quickly whittled down to 9 samples that are only representative of a rare endmember and the eruption 
age must be estimated or inferred from literature outside the database search. A compilation of several of 
these datasets to compare ocean island X to Y and Z will yield a sparse matrix of geochemical data, less 
than ideal for advanced data analysis techniques. I propose to define a ‘golden spike’ sample for 
guidance of data quality in future repository queries and for future geochemical studies.  
 
A ‘golden spike’ in the field of sedimentary geology is an informal term used for an agreed upon point of 
reference in a stratigraphic section that meets a set of criteria adopted by the community (the official term 
is ‘global boundary stratotype section and point,’ or GSSP). The benefit of having a ‘golden spike’ is that it 
provides a defined reference point for a boundary in geological time which displays physical (observable 
sedimentary characteristic, or fossil species present) in which future observers can analyze and date with 
a radiometric method, and compare to stratigraphic sections elsewhere in the world. Geochemical 
samples that represent specific compositions of particular importance could also carry a designation in 
the same spirit. A geochemical ‘golden spike’ sample would then be a sample in which a minimum 
threshold of chemical and isotopic analyses has been performed to a reasonable precision, and that 
enough sample material remains and is available for additional chemical or isotopic analyses in the 
future. The minimum criteria for ‘golden spike’ sample designation should be an IGSN registered sample 
with precise coordinates and necessary procedural metadata of the point of collection, the concentrations 
of 9 major element oxides (SiO2, TiO2, Al2O3, CaO, MgO, MnO, Na2O, K2O, P2O3), trace element 
concentrations including the rare-earth elements (REE), high field strength elements (HFSE), large ion 
lithophile elements (LILE), and first row transition elements (FRTE), as well as the relevant ratios for the 
Sr-Nd-Pb-Hf isotopic systems, and a date of eruption/emplacement quantitatively determined by 
radiometric means (likely K-Ar, Ar-Ar, or U-Pb) if not sampled from a geologically recent eruption (active 
volcano or glass from mid-ocean ridge). Data precision must be stated or published following established 
standards for each value. Importantly, there must be enough sample (unaltered, or in powder form) made 




databases today would meet the criteria to gain the proposed ‘golden spike’ designation, but many 
existing samples are candidates that are one measurement away from meeting the necessary criteria. 
 
Systematic chemical and isotopic analyses of the global MORB system, despite the relative difficulty of 
obtaining samples fit for geochemistry from the ocean floor. Ocean Floor Basaltic glasses from nearly 
every segment of the mid-ocean ridge system, totaling 616 samples, have been analyzed for the 
concentrations of 60 chemical elements by Laser ICP-MS and electron microprobe (2-4% precision, 1-
sigma) (Jenner and O’Neill, 2012). This is the most comprehensive systematic single analysis of the 
MORB system for major and trace element concentrations to date, because all data was obtained using 
the same methodology, rather than compiling data from multiple studies. The range of isotopic variability 
in mantle derived melts from the global MORB system and OIB type volcanoes has been analyzed by 
using sample data compiled from databases, publications, and personal communication (Hofmann, 2014; 
Stracke, 2012). Isotopic Sr-Nd-Pb-Hf data from 1292 samples (503 from global MORB, 789 from global 
OIBs) was sufficient to perform a principle component analysis using only the isotopic variability in six 
dimensions of the mantle (Stracke, 2012), but did not include discussion of major and trace element 
differences. Several key trace element differences were paired with the isotopic variability using database 
values compiled from PetDB and GeoRoc databases (Hofmann, 2014). Comparison of the major element 
composition of endmember OIBs, as defined by isotopes, also reveal differences in source composition of 
the contributing asthenosphere (Dasgupta et al., 2010). Today multiple databases can be queried at once 
using the EarthChem portal (www.earthchemportal.org) which, as of this writing, yields 962 individual 
volcanic samples, from all volcanic settings, with published whole rock major and trace element 
concentrations, and isotopes outlined above (only 363 of these samples also contain absolute age 
information, of which 280 are mafic). These limited samples represent the initial candidates for creating a 
‘golden spike’ class of samples, or samples on the verge of meeting all criteria (one isotope system, or 
age measurement away from meeting all criteria). Studies of this nature highlight the total number of 
metrics in which parts of the heterogeneous mantle are different from one another. However, other finer 




these types of studies. Studies that make inferences based only on isotopes, or major elements or trace 
element concentrations cannot make credible links between these groups of data because of the lack of 
samples with all of these analyses completed on single samples. It is therefore unclear how many more 
inferences about the mantle can be made that link some characteristic in isotopic system to one in trace 
element concentration, etc. Hypotheses about the origin and development of mantle heterogeneities 
could be better quantified through the augmentation of samples in which meet the ‘golden spike’ criteria 
outline above.  
 
It is in this spirit that data acquisition in this research project was conducted. This study contributes 44 
samples which meet the above criteria for ‘golden spike’ samples (of those, 20 have been Ar-Ar dated). 
This study is unique from previous ones of Rungwe in that it provides Hf-isotope data alongside Sr-Nd-
Pb, Major and Trace element data. These are to be compared to the global geochemical database of 370 
OIB data that meet ‘golden spike’ criteria, and 1473 samples if the criteria are relaxed to not include Hf-
isotope data. For analysis including Hf-isotopic data there are an additional 260 samples with full isotopic 
data (including Hf), but missing either major or trace element concentrations. 
 
